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FOREWORD

This report was prepared by Bell Aircraft Corporation under USAF
Contract No. AF 33(616)-6034.
This contract was initiated under Materisis Laboratory Project fia. 7350,
"Ceramic and Cermet Materials", Task No. 73500, "Ceramic and Cermet Materials
Development", and Aircraft Laboratory Project No. 1368, "Construction Tech-
niques and Application of New Materials', ¶.ask No. 13719, "Re-entry Struc-
tures." The work was administered under the combined direction of the Mate-
rials Laboratory and the Aircraft Laboratory, Directorate of Advanced Systems
Technology, Wright Air Development Division, with Mr. J. J. Krochmal, Lt. J.
Latva and Mr. C. J. Cosenza ecting as project engineers.

This report covers work conducted from July 1958 to July 1960.

This particular report, Volume VII, is one of a s-ries which, when
combined, constitute the final technical report on thise contract. In total,
this technical report containst

Volume I Summary
Volume II Analytical Methods and Design Studies
Volume III Screening Test Results and Selection of Materials
Volume IV Thermal Properties of Molybdenum Alloy and Graphite
Volume V Mechanical Properties of Bare and Coated Molybdenum Alloy
Volume VI Determination and Design Application of Mechanical Properties

of Bare and Coated Graphite
Volume VII Oxidation Resistance of Bare and Coated Molybdenum Alloy

and Graphite
Volume VIII Tests of Molybdenum and Graphite Leading Edge Components
Volume IX Applicability to Future Weapon Systems

Volumes I through VIII are unclassified while Volume IX is classifiedSecret.

In an effort of the type described here, so many people are involved that
it becomes difficult to give adequate credit to everyone. The excellent co-
operation of the Langley Research Center of NASA is gratefully acknowledged,
and in particular the efforts of Mr. K. L. Wadlin, Head, Thermal Protection
Section, Special Projects Branch, Structures Research Division; Mr. J. N.
Kotanchik, Chief, Special Projects Branch, Structures Research Division; and
Mr. R. R. Heldenfels, Chief, Structures Research Division. Additional arc
plasma testing was conducted by the Plasmadyne Corporation under the supervision
of Miss Shirley L. Grindle. The in-house testing was conducted under the super-
vision of Mr. Harry A. Pearl and Mr. John M. Nowak. The authors wish to express
their gratitude to E. A. Dolega and F. A. Merrihew for their contributions and
to Miss Marie Zachary for her faithful and accurate typing of the manuscript.
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ABSTRACT

The purpose of this contract was to investigate the feasibility of utiliz-
ing available heat resistant materials in the fabrication of leading edges for
hypersonic boost-glide vehicles. This particular volume presents the results
of oxidation resistance teats of bare and coated 0.5% titanium alloy of molyb-
denum and ATJ graphite. Chromalloy W-2 and Durak MG coatings were evaluated
on the molybdenum alloy while the ATJ graphite was coated by the National
Carbon Company's siliconizing process.

Tests were corducted in five different facilities including three arc
plasma jets. -ecimen temperatures ranged from 200OF to 3400F. Test times
ranged from approximately 1 minute to 4 hours.

Both utcoated materials reacted exothermically under oxidizing conditions.
Surface recession was the major resolt of the high temperature exposure in the
oxidizing environments. The surface recession was quite predictable and uni-
form; it was a function of sped men temperature and environmental pressure.

A high degree of failures were encountered on all coated specimens. The
failures were dependent on time and temperature but there was considerable
scatter in the re mi3•t. For the coated molybdenum specimens the edges and
corners were most prone to failure. Failures of the siliconized ATJ specimens
were more or less randomly located over the surface area.

PUBLICATION REVIEW

This report has been reviewed and approved,

FOR THE COMMANIER:

W. G. RAM
Chief, Cerar.cs and Graphite Branch
Metals and leramics Laboratory
Materials Cezit:•_l
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I. IJIThODUCTION

The scope of this study encompassed the many considerations required for
the investigation of the feasibility of using available heat resistant materials
for the leading edges of hypersonic vehicles. The boost-glide vehicle concept
formed the basis for this work with the flight parameter W/SCL ranging from
100 to 400. Nanned and unmnanned, reusable and expendable flight vehicles were
considered with emphasis being placed on manned, reusable systems. For pur-
pu3 2s of this study maximum temperatures were to range from 2500OF to 30000 F.
Ablation and coolinig teckhiques were excluded.

The objective of the study was to determine the 'feasibility of employing
available materials for the desired application. This' goal was achieved by
describing available materials to the degree required for design purpl es, by
establishing saitable design methods, by considering the peculiarities of mate-
rials in design, by indicating approximate operating temperatures and flight
trajectories possible when various existing materials were used for leading
edges, and finally, by actual testing of two typical leading edge designs.
Many secondary benefits resulted from this study, includi" n a better mutual
understanding of the problems confronting material suppliers and airframe
dbsigners, a definition of the shortcomings of existing materials for this
application which should fo-n a foundation for future material development,
an advancement in design technology for brittle materials used for structural
a-pplications, and a definition of critical parameters which would require lab-
oratory simulation prior to actual usage of leading edge elements.

This study was conducted in four essentially concurrent phases; they
involved desijn, materials evaluation, fabrication and comnponent testing. The
desin phase investigated trajectories for hypersonic venicles to establish a
range of typical flight and environmental conditions. Design criteria required
to insure structural integrity of heat resistant leading edges were investi-
gated and tentatively established. Methods for the determination of tempera-
ture gradients and thermal stresses were established and adapted to automatic
computing eqzipnent. The effects of leading edge geometry, both external and
intenial, on temperatures, tenperature gradients and thermal stresses were
studied as well as attachment details for metallic and non-metallic leading
edges and the effects of various restraints upon thermal stresses. The design
phase culminated with the design of two leading edges, one using metallic and
the other using non-metallic material; both types were tested.

The materials evaluation phase began with a literature review to obtain
known physical and mechaunical characteristics of refractory metals and non-
metals supplemented by contacts with material suppliers. A preliminary exper-
imental evaluation of a number of promising metals, non-metals and coatings
was conducted in order to supply data not found in the literature and to pro-
vide consistent sets of material property data for use in making meaningful

Note: Manuscript copy released by the authors October 1960 for publication
as a WADC Technical Report
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comparisons. Based upon the results of the preliminary evaluations and upon
fabrication considerations the single most promising metal, .5% titanium alloy
of molybdenum, the single most promising non-metal, siliconized ATJ graphite,
and the two most promising coatings were evaluated in detail to provide the
material property data required for design purposes. The detailed evaluation
of the selected non-metallic material included an investigation to establish
relationships required for the design of components using brittle materials.

The fabrication phase included the preparation of most of the test speci-
mens as well as the production of the final leading edge designs. Test speci-
mens were produced by techniques and process procedures similar to those
expected to be required in the manufacture of final leading edge components.
Restriction of the manufacturing process in such a manner may preclude attain-
ment of the maximum material properties, which could be achieved by employing
the optimum fabrication technicjues for small test bars. It did, however, pro-
vide a means of correlating test results and analytical predictions, since the
material -properties of the components should be approximately the same as
those determined from the test specimens. For example, ceramic materials gen-
erally exhibit higher thernal conductivity and higher strength when fabricat-
ing by hot pressing than when fabricated from slip casting. While simple test
bars can be made by hot pressing it may be necessary to fabricate more complex
shapes by slip casting and test results on hot pressed bars are of little or
no value in defining the characteristics of the slip cast component.

The component testing phase included several items ot study. Typical
attachments for brittle components were tested to aid in the selection of suit-
able designs. Finally a metallic leading edge design and a non-metallic design
were tested under partially simulated conditions.

In order to achieve maximum efficiency, of both time and cost, and to
integrate more closely the materials and design problems, extensive subcon-
tracting was employed during this study. All specimen and component fabrica-
tion was done by subcontractors having extensive experience with the materials
and fabrication procedures required. Existing testing capabilities of organ-
izations throughout the country were utilized to the fullest possible extent.

This particular volume presents the results of testing to determine the
oxidation resistance of the more promising materials for hypersonic leading
edge applications. The materials investigated included the 0.5% Ti molybdenum
alloy in the bare condition and as protected by Chromalloy W-2 coating and by
Chromizing Durak M1 coating, and ATJ graphite in the bare condition and as pro-
tected by a siliconized coating applied by the National Carbon Company. These
materials were selected as the result of preliminary evaluations reported in
Volume III.

Three basic types of tests were conducted, those in flowing preheated air,
those in an oxy-acetylene furnace, and those in arc plasma jets. The first
two types of tests permitted evaluation of the materials for long periods of
time. These tests were conducted at Bell Aircraft Corporation and are discussed
in Sections II and III. During the flowing air testing it was not possible to
evaluate the effects of reduced pressure or of the dissociated gas species that
would be encountered during actual flight. Arc plasma tests were conducted,
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therefore, wherein the anticipated environmental conditions erpected in flight
were more closely simulated at the expense of reduced test duration.

The majority of the arc plasma testing was conducted at the Langley
Research Center of NASA in Arc Jets No. 10 and No. 20, which are operated by
the Thermal Protection Section, Special Projects Branch, Structures Research
Division. Operating times were limited by the equipment capability under the
desired test conditions. Tests of five and ten minute durations were conducted
at atmospheric pressure while tests at approximately 2 psia were run for
slightly more than one minute. Additional arc plasma testing was conducted by
the Plasmadyne Corporation, on a subcontract basis, for periods of approximately
five minutes at a static pressure of about .70 psia. The arc plasma portion
of the program is presented in Section IV.

Section V compares the results obtained from the tests in flowing air
and in the arc plasmas. The conclusions reached as the result of the testing-
conducted and recommendations for future work are discussed in Section VI.
And finally, the materials tested are described in Appendix I.
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II. FLOWING AIR TESTS AT 2000F AND 245OF

A. DESCRIPTION OF EQUIPMENT

The equipment used for the oxidation tests at temperatures of 2000F and
245OF consisted of a test furnace and a preheat furnace, both heated by silicon
carbide elements, flow meter, pressure gage, flow regulator, Brown potentio-
meter pyrometer, and the power supplies for the furnace elements. A zirconia
nozzle was used to hold the test specimen in place and to direct the air flow
over the specimen surfaces. Figure 1 is a schematic diagram of the assembled
equipment. Figures 2, 3, and 4 are photographos of the equipment.

The test furnace used as the primary heating source for the flowing air
contained a 2-3/4" diameter by 4' long alumina tube, filled with alumina rods
and balls to improve heat transfer, sealed in the furnace. The zirconia speci-
men nozzle was fastened to the outlet of this tube. The preheat furnace also
contained an alumina tube, 2-3/4" diameter by 4' long, filled with alumina
rods and balls. This unit was used to preheat the flowing air which was then
introduced into the main heating unit.

The regulating and measurement equipment, such as the flow meter, pres-
sure gage, and flow regulator were positioner' downstream of the preheater
furnace, so that room temperature air was being metered and measured. Flow
conditions were essentially the same as those employed previously, Section G
of Volume III. However, during the present test series a higher mass velocity
was employed as the upper limit of this variable, 5000 #/ft2hr rather than
40ho #/ft'hr. Reasons for the flow conditions are discussed in Appendix I
of Volume III which also presents test Reynold's numbers. Platinum-platinum
10% rhodium thermocouples were used with the Brown potentiometer pyrometer to
measure specimen temperatures.

The specimen geometry employed during this test series is shown in
Figure Ill. Because of its larger size, more representative data should be
obtained than was available previously regarding oxidation of uncoated materials
and oxidation resistance of coated materials.

B. TEST PROCEDURE

1. Identification of Specimens

The uncoated 0.5% Ti molybdenum alloy specimens, the uncoated ATJ graphite
specimens, and the coated 0.5% Ti molybdenum alloy specimens were assigned Bell
identification numbers to facilitate reference to individual specimens. The
National Carbon Company's identification numbers were used for the siliconized
ATJ graphite specimens. Bell identification numbers were assigned to all
specimens in the artificially damaged materials part of the program.
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2. Uncoated Materials

The uncoated O.5% Ti molybdenum alloy and ATJ graphite specimens were
tested in accordance with the schedules given in Table 1. On the basis of
initial tests, the exposure times were slightly altered. These instances
have been noted in the table.

Alumina pins were bonded in the end holes of the specimen to hold the
specimen in place and to align it properly in the specimen nozzle. The
platinum-platinum 10% rhodium thermocouple which measured specimen temperatvre
was not bonded in the specimen, but was inserted after the specimen was
installed in the nozzle. Thickness measurements were made on the untested
bare materials along a line midway between the front and rear edges of the
specimen. This line was chosen to give a nominal loss in thickness due to
oxidation. Each specimen was weighed before testing with the end pins
inserted.

Before testing, and instrumented coated specimen was placed in the nozzle
to measure the test zone temperature. Using this data, the temperature
increase due to exothermic reaction could be determined. The specimen was
inserted into the nozzle with a pair of tongs, and the thermocouple was placed
in the center thermocouple hole. Since no bonding agent could be used, the
thermocouple was held in place by supporting its insulating tubing on ceramic
resting points. Recording of exposure time commenced as soon as the specimen
entered the specimen nozzle. Temperature readings were taken at regular inter-
vals. After testing, the specimens were measured and their weights taken with
the end pins in place.

3. Coated Materials

The coated specimens were tested in accordance with the schedule shown in
Table 2. Alumina pins were bonded in the end holes of the specimen to hold
the specimen in place and to align it properly in the nozzle. The platinum-
platinum 10% rhodium thermocouples were bonded in the thermocouple holes. An
alumina-silica cement (QF-180, Carborundum Company, Niagara Falls, New York)
was used for the bonding. The thermocouple wires were electrically insulated
with high purity alumina tubing.

The hot air flow was achieved and stabilized before the intr6duction of.
the test specimen. This flow was maintained during insertion of the specimen.
Temperature readings were taken at 15-minute intervals during the test period.

The specimens were withdrawn from the nozzle at one-hour intervals and
allowed to cool to 30OF or lower. This procedure introduced a periodic thermal
shock. The hot specimens were observed for dark spots which might indicate a
coating failure and for effects due to thermal shock. The cooled specimens
were observed for failures, color changes, and other changes in coating
appearance.
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Upon reaching a temperature of 30OF or lower, the siliconized ATJ graphite
specimens were lightly probed with a pick-like instrument to check for coating
failures. Since a coating failure rs-ule.d in u•n undermining action as the
graphite oxidized, the probing, which would break through the thin coating
over the void, would quickly determine the integrity of each specimen, but
would not damage the siliconized coating when no substrate oxidation had
occurred,

The coated molybdenum alloy specimens were not probed during the test
since failure areas were easily located.by visual examination (dark spots,
presence of a hole and molybdic'oxide crystals) and the probe was more likely
to damage the relatively thinner'protective coating. After completion of test-
ing, the coated molybdenum alloy specimens were lightly probed.

If failures were found before the four-hour test period was completed,
thý specimen was tested for another hour and inspected to determine the extent

,of deterioratign of the failure point. Inspection was also made for additional
failures. If the failure area had not oxidized too severely, the test was
"allowed to continue until the four-hour period was completed. When the oxida-
tive attack appeared to be extensive, the testing of that specimen was terrni-
nated. During the test of the coated molybdenum alloy specimens, the air exit
was observed for white smoke which would indicate a coating failure.

4. Artificially Damaged Specimens

The artificially damaged specimens were tested in accordance with the
schedule .shown in Table 3. Siliconized ATJ graphite, W-2 coated 0.5% Ti molyb-
denum alloy, and Durak Ml coated 0.5% Ti molybdenum &lloy specimens were
intentionally damaged and were then tested to determine the extent to which
the failure points would deteriorate when exposed to flowing air at high tem-
peratures. The types of damage were designed to artificially simulate the
effect of meteoroid impacts. Two hole sizes were selected on the basis of the
discussions of Appendix II of Volume II. One was 0.07 inch in diameter and
0.04 inch deep, and the other was 0.01 inch in diameter and 0.007 inch deep.
The 0.07 inch diameter hole was made with a #50 drill, while a standard
Rockwell machine using a Braille tip with the 150 Kg load was used for the
0.01 inch diameter indentation. A crater of each size was made in th6 nose
and one of each size on the skirt of each specimen. The craters were spaced
so that the failure areas would not join during four hours of testing. Since
the oxidation products from the nose areas would pass over the holes -in the
side of the specimen, an extra crater, either 0.07 inch dfameter or 0.01 inch
diameter, was made in the undamaged skirt of several specimens to ascertain
the effects of these oxidation products. It might be expected that the gaseous
products flowing over the skirt holes could either accelerate deterioration of
the hole by their corrosiveness or furnish oxidation protection to the holes
by displacement of the air flow. Figure 5 shows the location of the damaged
areas on the test specimens including the location of the extra holes. Temper-
ature measurements were taken at 15-minute ihtervals. The specimens were
removed for visual examination at one-hour intervals. X-ray inspections were
made before testing and at the completion of four hours of testing. No probing
of the oxidized areas was performed until after the final X-ray inspection on
*the tested.specimens. Measurements were taken of the hole diameter and hole
depth for the damaged areas of all specimens after testing.
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C. DISCUSSION OF TEST RESULTS

1. General

The results of the tests on uncoated materials indicate good repeatability
in test results and a high degree of accuracy in equipment control. The test
results given in Tables 4 and 5 show good continuity when specimens tested
under the same conditions are compared. Of special significance where testing
continuity is concerned are the columns "Weight Loss (gm/min.)P The data in
these columns are direct measurements. No factors have been introduced which
would multiply small errors into large errors. The "Weight Loss (gm/min.)"
columns indicate good testing repeatability except for the 2000?, 5000 lbs/
ft 2 -fr test (Specimens UM-l and UM-8 in Table 4). In this case it was found
that Specimen UM-8 was not fully inserted in the specimen nozzle during test-
ing, resulting in lower temperature exposure.

The temperatures given in the "Average Specimen Temperature" columns are
not of the reliability desired due to the method of thermocouple measurement.
The thermocouples were not cemented in the thermocouple holes but were inserted
in the holes and supported by resting their insulation sleeving on ceramic
fixtutis. Cement was not used since accurate weight data was required. During
testing the forward wall of the thermocouple hole oxidized and in some cases
the thermocouple may have lost contact with the specimen. This would result
in an insulating layer of air around the thermocouple bead and a resultant
recording of lower temperatures. However, since the temperature of the flowing
air was checked with a coated control specimen before each series of tests,
the uncoated oxidation specimens were exposed to the correct test temperature
as long as the specimens were fully inserted in the nozzle. Regardless of the
small errors introduced by the manner in which the thermocouples were installed,
the oxidation results obtained ar- far more accurate than those obtained with-
out actual measurement of specimen temperature.

The loss rate data for the uncoated materials calculated on weight loss
data gives an average loss of material based on the entire surface area of
each specimen. This computation includes the areas of excessive material loss
(i.e. the nose areas). The direct measurements at midpoint of the specimens
give an accurate loss per side for each specimen at the point measured but do
not indicate variances over the flat surface, nose losses, or losses on the
back which vary from the midpoint figure. The losses at the nose and the back
were measured using the holes for the support pins as reference points. The
losses at the nose areas represent the greatest encountered on each specimen.
The losses at the back areas were about the same as for the sides.

All data for material loss in thickness are given in mils per hour. The
actual duration of each test on the uncoated materials was from 3 minutes to
3.7 miLiutes. For computation of rate losses, the heat-up time was subtracted
from the test time. The heat-up time was of the order of 1 minute to 1 minute
20 seconds. Iherefore, a large factor was used in computing the losses on an
iiourly basis. Small errors in measurement due to irregularity in the specimen
surfaces and difficulty in accurate comparison of reference holes result in
large loss rate discrepancies when the several minutes of exposure is increased
to an hourly rate. Additional errors are introduced by small variations in
test procedure, such as difficulty in insertion of the specimen into the nozzle.
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2. Uncoated 0.5% Ti Molybdenum Alloy

Table 4 presents weight loss data, thickness change data, and test condi-
tion data for the uncoated 0.5% TI. molybdenum alloy. The thickness loss rate
is given in mile per hour per side. The loss rate data was determined in three
ways: (1) derivation from weight loss data, (2) measurements at a line across
the specimen midway between the nose and the back, (3) measurement from the
support pins to the nose and to the back edges. The data from each method is
given in tle table. Figure 6 shows the uncoated 0.5% Ti molybdenum alloy speci-
mens before testing and after testing at 200OF in flowing air. Figure 7 shows
the uncoated specimens before testing and after testing at 2450F in flowing air.
During oxidation the metal loss was greatest at the nose and varied somewhat
over the remainder of the specimen; however, the specimens retained their ori-
ginal wedge configuration. The oxidation reaction of molybdenum is exothermic;
therefore, the specimen temperature during exposure is considerably higher than
the initial test zone temperature (see Table 4). The actual specimen tempera-
ture was used for all computations.

The oxidation data for the uhcoated 0.5% Ti molybdenum alloy fit the
Arrhenius rate equation

k - Ae RT

where
k = Loss rate of material, mils/hr/side, experimentally

determined

A - Constant, determined by the value of k

e - Base of iatural logarithm

- Activation energy (cal/mol)

R - Gas constant (cal/mol/K)

T - Absolute temperature (K)

That is, the plots of log k vs. l/T for the nose and side surfaces are straight
lines. The plots of log k vs. I/T for the nose and side surfaces are given in
Figure 8. Figure 9 presents the plots of material loss rate vs. temperature.
The plots in Figure 8 are described by the following Arrhenius rate equations
with the constants determined.

-23 860

Nose: k - 57 x lO4 e 1.986T mils/hr

-29 500

Side: k - 123 x 104 e 1.966T mils/hr/side
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The values for Q are within the expected accuracy range (see page 222,,
Volume III). The different values for A in the equation above are due to the
material loss rates at the nose and side and, also, to the variance in the
values of Q.

3. Uncoated ATJ Graphite

Table 5 presents weight loss data, thickness change data, and test condi-
tion data for the uncoated ATJ graphite. The thickness loss rate is given in
mile per hour per side and was determined in the same manner as is described
for the uncoated molybdenum alloy. Durifig oxidation the graphite loss at the
nose was much greater than at the other surfaces. However, the specimens
retained their wedge configuration. The oxidation reaction of graphite is
exothermic. Therefore, the specimen temperature during the test.exposure was *

considerably higher than the initial test zone temperature.

Figure 10 shows the uncoated ATJ graphite specimens before testing ahd.
afte-" testing at 200OF in flowing air. Figure 11 shows the uncoated specimens
before testing and after testing at 2450F in flowing air.

The oxidation data for the uncQated ATJ graphite fit the Arrhenius rate
equation,

RTk -A

.That is, the plots of log k vs. l/T for the nose and side surfaces are straight
lines. Figure 12 shows the plots of log k vs. I/T for the nose and side sur-
faces. Figures 13 and 14 are plots of material loss rate vs. temperature.
The plots in Figure 12 are described by the following Arrhenius rate equations
with the constants determined.

-30 466

Nose: k - 176 x 15 e 1.9 mils/hr

-32'260

Side: k - 64 x 10 e 1.986T mils/hr/side

4. W-2 Coat id U.,5% Ti Molybdenum Alloy

Table 6 presents the test results and test condition data- for the W-2
coated 0.5% Ti molybdenum alloy. Figure 15 shows a typical W-2 coated molyb-
denum alloy specimen before testing. Figures 16 .and 17 show the W-2 coated
specimens after testing at 200OF and 2450F. All three W-2 coated specimens
withstood the 200OF test program without failure.

At 2450F, two of the six specimens tested, WM-5 and WM-9, showed failures.
The WM-9 specimen, tested at a mass yelocity of 500 lbs/ft 2 -hr, developed one
edge failure at a back corher during the third hour of testing. The test was
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continued for the full four hours with no further failures. The one failure
area did not show any signs of self-healing. The W!-5 specimen, tested at a
mass velocity of 5000 lbs/ft 2-hr, developed one edge failure at a back corner
during the first hour of testing. The specimen was tested for one additional
hour, and the test was terminated. The failure area continued to oxidize dur-
ing the second hour of exposure. No additional failures occurred. No smoking
was observed during the exposure of specimens WM-5 and WM-9; however, a small
amount of smoking was visible after the specimens were removed from the furnace
"and before they cooled. 'While the specimens were red hot, the failure areas
were dark. A white crystalline deposit formed around the failure area of each
specimen after cooling. In both cases the penetration of the coating was
visually apparent. The coating layer over the failure void was very fragile
and broke off with the slightest handling.

The W-2 coating provided excellent protection to the flat surfaces of the
test specimens. However, as shown by the failures which did occur, the coating
on edges and corners is questionable. It is possible that if the edges of the
molybdenum alloy specimens had been rounded off to a larger radius the failures
-might not have occurred. The drawings required radii of 0.020 to 0.030 inch
for all edges on the specimens. However, difficulties in attaining complete
coating integrity on edges of these radii still exist. Consideration should
be given to increased radius requirements.

The appearance of the W-2 coated 0.5% Ti molybdenum alloy before testing
was a dull brownish-grey to a dull greenish-grey. There were often mottled
areas over the surfaces of tha specimens. As the specimens were tested, the
nose areas gradually became shiny, with the color of the specimen darkening
to a* dark grey. At the coriipletion of four hours of testing, the specimens
exposed to a 200OF test temperature had a grey, shiny nose with dull, dark
brownish-grey side surfaces. The specimens tested at 240OF attained a shiny
grey appear-nce over their entire surfaces.

5. Durak MG Coated 0.5% Ti Molybdenum Alloy

Table 7 presents the test results and test condition data for the Durak
MG coated 0.5% Ti molybdenum alloy. Figure 15 shows a typical Durak MG coated
molybdenum alloy specimen before testing. Figures 18 and 19 show the Durak MG
coated specimens after testing at 200OF and 2450F. ThR three specimens' tested
at 200OF failed. Specimens DM-C, tested at 500 lbs/fte -hr, and 114-A, tested
at 5000 lbs/ft 2 -hr, each developed one failure. Specimen 1M-8, tested at
1c00 Ibs/ft 2-hr, developed three failures. As shown in Figures 18 and 19, all
failures developed at the edges of the specimens.

At test temperatures of 25OFi four specimens failed while two completed
the testing without failure. Both specimens tested at 5000 lbs/£t 2 -hr, 11M-D
and D•-E, developed failures while one specimen-tested at 500 lbs/ft2 -hr,
DM-H, and one tested at 1500 lbs/ft2 -hr. D14-F, failed.

In all cases, except for specimen DM-A, the failed specimens were tested
for the- full four hours. The test'ng of specimen UM-A was terminated after
the third hour. The Durak MG coating provided excellent protecrion to ",he
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flat surfaces; however, the coating tends to be undependable on edges where
relatively sharp corners might lower the integrity of the coating. As was
diWcubsed in Section II.C, larger radii at the edges might improve coating
dependability.

No smoking was observed during the exposure of any of the specimens.
Even when failed specimens were further tested, the amount of smoke produced
was not enough to be visible at the test nozzle entrance. However, upon
removal of the specimens fron the furnace, the areas of failure produced
visible smoke.

The Durak MG coated 0.5% Ti molybdenum alloy specimens were a dull grey-
black before testing. All specimens became black during testing. The speci-
mens tested at 200OF developed a shiny appearance at the nose area, while the
specimens tested at 240OF became shiny over their entire surfaces.

6. Siliconized ATJ Graphite

Table 8 presents the test results and test condition data for the sili-
conized ATJ graphite. Figure 15 shows a typical siliconized ATJ graphite

.specimen before testing. Figures 20 and 21 show the specimens after testing
at 2000F and 2450F.

At 2000F test temperature, seven specimens failed while one specimen, C-9,
completed the test without failure. Multiple failures were developed by six
of the seven failed specimens. One failed specimen, 1-12, experienced only
one failure. In most cases the majority of the failures occurred on one side
of the test specimen. In each case this side is shown in the photographs.
For example, speci.men B-9 has numerous failure points on the side shown in
Figure 20, yet on the opposite side only two small failure areas occurred.
Specimen J-5, in Figure 2i, has seven failure areas sbowing, while there are
no failures on the opposite side.

At 2450F test temperature, three specimens failed while five specimens
completed the test without failure (see Table 8). As with the 2000F test
specimens, most of the failures occurred on the flat surfaces of the specimen
with the majority of the failures on one side.

The preponderance of failures on one surface of a specimen may be due to
variations in coating thickness over a specimen's entire surface, as was
observed on mechanical property test specimens (see Volume VI). Even in cases
where the weight increase of each of several specimens due to coating is the
sane, the variations in coating thickness may occur since localized areas may
experience a very heavy coating buildup while other areas acquire a very thin
covering. Orientation of the specimens during the siliconizing operation may
also be a possibly important variable. However, this aspect could not be
checked since orientation during p ocessing was not recorded.
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The National Carbon Company classified the siliconised ATJ graphite speci-
mens in accordance with structural integrity based on X-ray examination (see
Appendix I. The classification Is as follows:

Grade A - Nearly perfect ATJ structure.

Grade B - Fair structure with minor specks, voids, or density
gradients.

Grade C - Poor (mottled) structure - high density inclusions
finely divided into a low density matrix.

Tabl 9 gives a tabulation of the siliconized ATJ graphite specimens with
their appropriate National Carbon classifications and the results of the oxida-
tion tpests. This table also presents the weight gain due to coating applica-
tion fbr each specimen.

'There appears to be a correlation between the National Carbon X-ray
classification of specimens and the coating failure of the specimens. The
specimens with more uniform structure and density, and with less voids (Grade
A,9 B) tended to be more resistant to oxidative failure. Six of seven Grade C
specimens failed duri-Ig testing while only four of nine Grade AB specimens
failed. However, the small number of specimens and the failure of four of the
higher grade specimens renders this part of the study inconclusive. There was
no apparent correlation between weight increase due to the coating process and
failure of the siliconized ATJ graphite specimens. Since all specimens were
coated by the National Carbon Company under the same coating run, consideration
need not be given to the particular coating run as a variable in this program.

7. Artificially Damaged Specimens - General

The damaged test specimens were not instrumented to accurately measure
exothermic reactions. However, the extra holes placed in several specimens
were located in close proximity to the thermocouple hole. Temperature measure-
ments taken for these specimens indicated no discernible temperature increase
due to exothermic reactions. It is probable that the exothermic reaction was
very small due to the small damaged areas, and that any heat given off by the
reaction was spread throughout the test specimen resulting in only a small
temperature increase.

The oxidation of the damaged areas produced symmetrical, hemispherical
shaped depressions. The nornkl failure areas encountered during the coating
testing were of random shape.

Failures due to met'eorite-type damage produced greater deterioration than
the failures due to coating imperfections. This was probably due to the
greater hole size and deeper penetration in the intentionally damaged specimens.
The areas damaged with the #50 drill sustained greater oxidative deterioration
during testing than the areas damageud by Rockwell penetration. However, the
dimensions of the #50 drill damage areas before and after testing were not
proportional to the dimensions of the Rockwell damage areas before and after
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testing under the same test conditions. For example, the diameters of the
diameter$ of the damaged areaM before testing were 0.07 inch for the drill and
0.01 inch for the Rockwell. The diameters of the damaged 'areas of a typical
damaged specimen, W-2 coated specimen E, after testing were 0.28 inch for the
drilled damage and 0.22 inch for the Rockwell damage. The resultant propor-
tion of initial and firal diameters is off by a factor of 550%. Thi.t lack of
proportionality existas for all damaged specimens tested. No oorrelati4no of
net diameter change or depth change was evident in the test data.

The loss rate of mat-rial in the damaged specimens during testing is much
less than the loss rate of material experienbed by the uncoated materials dur-
ing testing. Since both the damaged coated'0.5% Ti molybdenum alloy and
damaged siliconized ATJ graphite experienced a similar loss of material (see
Tables 30, Ui, and 12), the oxidation losses of a typical damaged specimen can
be used for a compaRison of rate losses with uncoated materials. The depth of
the side surface damage of a typical damaged specimen, siliconiied ATJ graphite
specimen #3, after testing was 0.19 inch for the drl4led damage and 0.12 inch
for the Rockwell damage over a test period of four hours. This gives a loss
rate of 48 mils/hour (drill) and 30 mils/hour (Rockwell).

The -6icoated 0.5% Ti molybdenum- alloy specimens had side surface (midpoint)
rate losses of material of from 96 mils/hour to 322 mils/hour. *The uncoated
ATJ graphite specimens had side surface (midpoint) rate losses of from 135*
mils/hour to 620 mils/hour. It is apparent that the damaged areas of the
damaged specimens experienced a much lower rate of material loss than the
uncoated materials.

The differences in material losses between damaged specimens and uncoated
specimensis even more pronounced at the nose areas. The nose losses, of a
typical damaged specimen, W-2 coated 0.5% Ti molybdenum alloy specimen D, are
0.22 inch for the drilled damage and 0.12 inch for the Rockwell damage. This
'gives a rate loss of 55 mile/hour (drill) and 30 mils/hour (Rockwell). The
uncoated 0.5% Ti molybdenum alloy specime~ns had nose losses of from 197 mils/
hour to 672 mils/hour. The uncoated ATJ graphite specimens had nose losses of
from 750 mils/hour to 2820 mils/hour.

8. Artificiall& Damaged W-2 Coated 0.5% Ti Molybdenum Alloy

Table 10 presents the dimensions of the damages areas in the W-2 coated
specimens after testing. Figure 22 presents graphical plots of the dimensions.
versus specimen- temperature.

Figure 23 is a photograph showing side views of typical W-2 coated molyb-
denum specimens after testing at 200OF and 2450F in flowing air. A typical
specimen which was tested but not probed is shown in this figure. The W-2
coating shell over the voids was very fragile and often collapsed upon slight
impact or jarring of the specimen.

Figures 24 and 25 present oblique views of all of the damaged W-2 coated
0.5% Ti molybdenum alloy specimens tested. These views give a more comprehen-
sive picture of the appearance of the specwienbs and the extent of damage
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encountered. The coating over the voids was removed from all specimens prior
to taking the photographs. The small holes visible at the bottom of some of
the voids were caused by the oxidation partly uncovering the sides of the
thermocouple holes.

9. Artificially Damaged Durak MD Coated 0.5% Ti Molybdenum Alloy

Table ii presents the dimensions of the damaged areas in the Durak MG
coated specimens after testing. Figure 26 presents plots of the dimensions
versus specimen temperature.

The typical W-2 coated specimens shown in Figure 23 are representative of
the side views of the damaged Durak M3 coated specimens after testing. Figure
27 presents oblique views of all of the damaged Durak MG coated 0.5% Ti molyb-
denum alloy specimens. Some edge failures occurred during the testing as indi-
cated on the photograph. The Durak M3 coating is similar to the W-2 coating
in its fragility when the base molybdenum alloy has oxidized away.

10. Artificially Damaged Siliconized ATJ Graphite

Table 12 presents the dimensions of the damaged areas in the siliconized
ATJ graphite specimens after testing. Figure 28 presents plots of the dimen-
sions versus specimen temperature.

Figure 29 is a photograph of typical damaged siliconized ATJ graphite
specimens both before and after testing. A specimen which was tested but not
probed for coating removal is also shown. This specimen is typical of the
damaged specimens after testing with the coating still covering the void areas.
The siliconized coating on the ATJ graphite specimens is thicker and stronger
over void areas than the W-2 and Durak MG coatings on the 0.5% Ti molybdenum
alloy.

Figures 30 and 31 present oblique views of all of the damaged siliconized
ATJ graphite specimens tested. These views give a comprehensive picture of
the damaged areas. The coating over the voids was removed before taking the
photographs.

U1. E.ctra Hole Damage in Coated Materials

Figure 32 shows typical extra hole damage after testing in damaged sili-
conized ATJ graphite and W-2 coated 0.5% Ti molybdenum alloy specimens. In
each case the holes are marked as to type of damage so that proper comparison
between regular holes and the extra holes can be made. Tables 10, 11, and 12
give the dimensions of the extra holes after testing. The extra holes experi-
enced approximately the same extent of damage as the corresponding regular
holes in the flat surfaces. This was true for all the extra holes tested.
Therefore, it is concluded that in this test program the sweep of contaminant
gases from the damaged areas .n the nose had little or no effect on the deteri-
oration rate of the damaged areas of the flat surfaces.
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12. X-ray Inspection of Damaged Materials

Figure 33 shows I-ray photographs of typical damaged siliconized ATJ
graphite and W-2 coated 0.5% Ti molybdenum alloy before testing. Figure 33
also shows X-ray photographs of typical damaged uiliconized ATJ graphite and
W-2 coated 0.5% Ti molybdenum alloy after teeting. Photographs of Durak M1
coated uolybdenum specimens were omitted since their appearance is the same
as that of the W-2 coated specimens. The drilled damage areas on the side
surfaces of all the specimens are readily discernible both before and after
testing. The drilled areas in the nove are very clear after testing; however,
these areas are not very distinct before testing. The Rockwell damage is
nearly invisible at all locations before testing. When the Rockwell indenta-
tion areas are known, the marks can sometimes be found on the X-ray film, but

small failures whose existance is unknown would be difficult to identify.
After testing, the Rockwell damage areas were usually visible on the X-ray
film. However, in some of the X-ray photographs even these areas are not
clearly visible. The X-ray films were exposed as follows:

Coated 0.5% Ti Molybdenum Alloy

Side Surfaces: 218 KV, 30 MA)1, at a distance of 36 inches, AA film
Nose: 180 KV, 20 MAM, at a distance of 36 inches, aa film

Siliconized ATJ OFaphite

40 KV, 8 MAM, at a distance of 36 inches, AA film

These settings were selected after a brief study of the X-ray quality as
influenced by the process parameters.

The value of X-ray inspection for defects in coated materials must be
investigated further. Coating failures which are discernible on X-ray plates
can be located visually and, in some cases, failures which were readily
apparent to the naked eye were not visible on X-ray plates. At the present
time probing and visual inspection offer the most certain procedures to
detect actual failures.
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TABLE 1

TEST SCHEDULE FOR UNCOATED 0.5% TI MOLYBDENUM ALLOY

AND UNCOATED ATJ GRAPHITE

Mass Velocity Test Temperature Exposure Period
(lbs/ t2 -hr) OF (Minutes) Secimen

Uncoated 0.5% Ti Molybdenmn Alloy

500 2000 i5(l) UM-2, UM:3
500 2450 15 UM-II, UM-12, UM-13

1500 2000 15 UM-9, UM-10
1500 2450 10 ux-6, UM-7

5000 2000 10(2) UM-I, UM-8
5000 2450 8. wI-4, UM-5

Uncoated ATJ Graphite

500 2000 7 UG-8, UG-1O
500 2450 5 UG-12, UG-13

1500 2000 5(3) 0-1, UG-6
1500 2450 4 UG-9, UG-31

5000 2000 4 UG-2, UG-4
5000 -2450 3 UG-5, UG-7

Note (1): Specimen UM-3 was tested for 17 minutes

(2): Specimen UM-1 was tested for 15 minutes

(3): Specimen 11-1 was tested for 18 minutes
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TABLE 2

TEST SCHEDULE FOR COATED TEST SPECDhN•S

Exposure consisted of four, one-hour cycles
or failure, whichever was first

Test
Mass Velocity Temperature TestMaterial (Ibs/ftZ-hr) (F) Specimens

W-2 coated 500 2000 104-3 -0.5% Ti Molybdenum 500 2450 104-8, WM-9
Alloy 

1500 2000 104-i
15oo 2450 10.'6, WM-7
5000 2000 1W-2
5000 2450 Wm-4, W-5

Durak MG coated 500 2000 I1-C0.5% Ti Molybdenum 500 2450 IM-H, tIM-I
Alloy

1500 2000 tH-B1500 2450 1)-F, M4-0

5000 2000 1)-A
5000 2450 UK-D, 114-B

Siliconized 500 2000 C-9, 1-12, J-5ATJ Graphite 500 2450 F-6, N-6, G-4

1500 2000 B-8, F-0, s1-11
1500 2450 K-4, K-5, 1-2

5000 2000 D-31, N-5
5000 2450 C-2, C-12
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TABLE 3

TEST SCMEDULE FOR ARTIFICIALLy DAMAGED SPECIMTCS

* Test
Mass Velocity TemperatureMaterial (lbs/ftV-hr) -- (F) ' Specimens

W-2 coated 500 2000 G9 H
0.5% Ti MolybdenumAlloy 500 2h5o A, B

5000 2000 F

5006 2450 C, D

Durak MG coated 500 2000 Ill-C0.5% Ti MolybdenumAlloy 500 2450 I-A

5000 245o II-B

Silicorized 500 2000ATJ Graphite 7, 8
500 2450 1, 2

5000 2000 5, 6
500 .245o 3,4

WADC TR 59-744, Volume VII 18
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Before Testing Test Temperature: 2450°F

Mass Velocity: 500 Lb/,t2Hr

W-2 Coated G5.1• Titanium Molybdenum Alloy

*" Drill ., Rockwell
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- . -*--Extra 3ole - Drill

I Rockwell 1DrUJ

Damage Damage

Before Testing Test Temperature: 2000"F
Mass Velocity: 1500 Lb/Ft 2 Hr

Siliconized ATJ Graphite

FIGURE 33. X-RAY OF TYPICAL DAMAGED SPECIMENS BEFORE AND AFTER TESTING
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III. OXY-ACETYLENE TESTS AT 2750F AND 300OF

A. DESCRITPTION• 'V' CI Ef1./t

The equipment used for this phase of the oxidation resistance evaluation
consisted of: a small furnace heated by oxy-acetylene torches, a supply of
oxygen and acetylene regulated to control flow rates and temperature, specimen
support nozzles, an optical pryometer and Pt-Pt 10% rhodium thermocouples to
measure specimen temperatures.

Figure 34 is an overall view of the test set-up. An interior view of the
furnace-showing one specimen in a mounted position is showm in Figure 35
The outside dimensions of the furnace were 13" dj ineter by 10" in height.
The inside dimensions were 5" diameter and 7" deep. The outside shell was
constructed of sheet steel. The shell was lined with stabilized zirconia and
zircon. Two openings 1800 from each other were provided for the oxy-acetylene
torches. Standard oxy-acetylene torches with water cooled jackets at the torch
tips were used. Liquid oxygen was procured in standard bottles and purchased
to a purity of 99.5%. Liquid acetylene was procured in standard bottles and
purchased to commercial purity.

The holding fixture for the leading edge specimens was fabricated from
stabilized zirconia by the Titanium Alloy Division;,' National Lead Company. The
overall dimension of the tubular element was 3-3/4" OD, 6" long with a 3/16"
wall. Four 1/h" grooves, 1-1/b" deep were cut into the walls to receive the
test specimen support pins. Tongs, nominally 5 feet in length fabricated with
W-2 coated molybdenum, were used for inserting and removing the oxidation test
specimens.

Specimen temperatures were measured by two methods. A Leeds and Northrup
Model 8862-C with a range of 775 C to 2800 C was sighted into the central
thermocouple hole in the rear of the specimen. In addition, a platinum-
platinunrilO% rhodium thermocouple, with suitable insulator sleeving, was
installed in one of the outer thermocouple wells. Output from the thermocouple
was supplied to a direct temperature reading potentiometer, Technique Associates,
Inc., Model 4D. The optical pyrometer and the potentiometer were calibrated
at frequent intervals.

B. TEST PROCEDURES

The specimens received from the vendors were prepared in the following
manner to provide for support during test and to provide a means of determining
specimen temperature by thermocouple readings. Zirconia rods were slightly
beveled on a grinding wheel to fit into the specimen support holes drilled into
the ends of the samples (see Figurelll of Appendix I). These were cemented in
place with alumina-silica cement (Carborundum Company, QF-180). A platinum-
platinum 10% rhodium thermocouple with high purity alumina sleeving was inserted
into one of the smaller holes on the back side of the specimens (see Figure
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of Appendix I). The small hole was loosely packed with high purity (99%)
alumina powder before the thermocouple was installed. The positioned thermo-
couple was bonded in plaue with alumina-silica cement.

Thb furnace temperature and oxidizing atmosphere were controlled, by vary-.
ing the ratio of oxygen and acetylene introduced into the furnace. One of the
torches was used to burn the acetylene-oxygen combination, while to assure an
oxidizing atmosphere the other torch was used to introduce oxygen only. Optical
and thermocouple measurements were made on a dummy specimen positioned in the
furnace to establish flow rates of combustibles required to achieve the desired
test temperature. Temperature adjustments were made by increasing or decreas-
ing the amount of acetylene used.

When the desired test temperature was attained the d&u=nW specimens were
replaced by the test specimens for the selected time exposure at temperature.
Temperature readings were taken at selected intervals by both platinum,-
platinum 10% rhodium thermocouples and the optical pyrometer. All of the speci-
mens except the Durak MG coated 0.5% titanium molybdenum alloy and the W-2
coated 0.5% titanium molybdenum alloy specimens tested at 300OF were exposed
for one hour cycles at temperature with temperature readings taken every 15
minutes. The Durak MG and W-2 coated molybdenum samples exposed to 300OF had
exposure cycles of 15 minutes. Temperature measurements in this case were
recorded every 5 minutes.

Upon removal from the furnace the specimens were observed visually for
dark spots, and in the case of the molybdenum samples, white oxide fumes.
After allowing each specimen to cool to approximately 300F, its surfaces were
probed with a pointed instrument to determine failures. Since the coatings
tend to maintain their integrity in many cases even though failure has occurred,
visual observations alone could not always reveal the location of the failures.
Failures could usually be found at the locatio.ns where the dark spots were dis-
cerned during the cooling cycle. The dark spots are caused by the void areas
under the coating which permit higher cooling rates for the coating in damaged
regions than for the remainder of the sample.

Sketches were made of the samples after each exposure and cooling cycle,
noting damaged areas, color changes and other pertinent irnfonnation.

Samples which passed the first thermal cycle without a coating failure
are returned to the oxy-acetylene furnace for another cycle. Table 13 is the
test schedule for this phase of the oxidation testing. The number of specimens,
test temperatures and exposure times are noted in this table.

C. DISCUSSION OF TEST RESULTS

The siliconized ATJ graphite samples exhibited the best resistance to the
oxidation tests performed in the oxy-acetylene furnace at both 2750F and 3000F.
The siliconized specimens withstood at least 4 one hour cycles at 2750F. Four
of the five specimens tested at 2750F showed no apparent oxidation after the
fourth cycle. The Durak MG coated 0.5% titanium molybdenum alloy specimens
exhibited the least resistance at both test temperatures.
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Test conditions in the oxy-acetylene furnace could not be accurately con-
trolled. Since test temperature vas controlled by regulating the flow of CUM-
bustible gases, it was not possible to obtain a constant mass flow rate for
all of the specimens tested. Gas was lost through the openings on the side of
the furnace, through which the torches were introduced. From the gas flow
rate measurements (both oxygen and acetylene) made hourly, assuming complete
combustion, it was possible to calculate the theoretical excess of oxygen
present. Mass flow rates presented in Table 14 are only approximate, however.

During each day of test, bare graphite samples were exposed to the air
stream for approximately 5 minutes to assure that an oxidizing atmosphere
existed. Weight measurements were made before and after exposure so that at
least a qualitative indication of the oxidizing environment was obtained.
Table 15 compiles the results of the proof tests run on the bare graphite
samples.

Six of the 34 samples tested were not exposed to an oxidizing atmosphere
as indicated by a calculated "0" lb/ft 2hr of excess oxygen in Table 1i. Of
these, five performed no better than the average of the others tested at the
same temperature under oxidizing conditions. The sixth (siliconized ATJ speci-
men J-8) sample was tested immediately after one of the bare control graphite
specimens was exposed. The bare graphite exposed (Sample No. 33) had a weight
loss of 9.6% per minute after a 5 minute exposure. This would indicate that
the test atmosphere should have revealed coating failures on specimen J-8).

1. Durak MG Coated 0.5% Titanium Molybdenum Alloy

The average life of 5 specimens when exposed to 2750F was slightly better
than one hour. Three of the samples failed after one hour, one after two hours,
and the fifth after 23 minutes. Figure 36 is a graphic presentation of the
test results for this series of tests. Figure 37 is a photograph of the speci-
mens after test. Specimen No. 2, which dropped into the furnace and was
destroyed, is not shown in the photograph.

The average life of the 5 specimens when exposed to 300OF was slightly
more than 15 minutes. Four of the 5 specimens withstood a 15 minute cycle,
while the fifth withstood two 15 minute cycles. Figure 36 is a graphic pre-
sentation of the test results for this series of tests. Figure 37 is a photo-
graph of the specimens after test.

Since the W-2 and Durak MG coatings being evaluated are supposed to be
similar, it would be expected that the oxidation resistance afforded by the
two coatings would be similar. This, however, is not borne out by the data
obtained during the oxy-acetylene furnace tests performed. Figures 38 and 39
are clo3e-up photographs comparing specimens with the different coatings after
being exposed to approximately the same test conditions. The damage to the
Durak MG specimens is by far much more severe than that exhibited by the W-2
coated specimens.

Nine of the ten Durak M2 coated specimens which failed had failures at the
edges. These failures tend to indicate a difficulty of the Durak MG coating
in protecting edges despite the fact that the edges had been rounded slightly.
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Durak MG specimen No. 4 shown in Figure 37 had several failures. This
specimen was exposed for an hour after th noriginal failures were noted. It
is believed that the failures on the face of this specimen were caused by a
reaction between the nickel plated steel tongs employed initially and the
specimen coating. This is evidenced by the failures occurring in that portion
of the specimen where the tongs gripped and by the abnormal discolorations and
glazes present. The probable tong failure phenomenonwas also present on
several other specimens (W-2 coated 0.5% titanium molybdenum alloy specimens
Nvubers 2, 4 and 5). To eliminate this condition during subsequent testing,
W-2 coated molybdenum alloy hooks were used for inserting and removing specimens
from the furnace.

Durak MG specimen Numbers 5 and 10, as shown in Figure 37, appear to have
extreme coating failures at the corners. The zirconia support pins on both
of these specimens failed just prior emoval of the specimens from the
furnace, causing the samples to fall • the furnace floor. The discolorations
present may be due to the reaction cf +he specimens with the furnace floor.

2. W-2 Coated 0.5% Titanium Molybdenum Alloy

The average life of six specimens exposed to 2750F was slightly better
than 1-1/2 hours. Two failed after 3 hours, two after 1 hour, and one specimen
after 25 minutes. Figure 36 is a graphic presentation of the test results for
this series of tests. Figure 40 is a photograph of the specimens after test.

The average life of five specimens exposed to 3000F was slightly better
than two 15 minute cycles. Three specimens failed after three 15 minute cycles,
one specimen failed after two 15 minute cycles and one specimen after one 15
minute cycle. Figure 36 is a graphic presentation of the test results for
this series of tests. Figure 40 is a photograph of the specimens after test.

Most of the W-2 coated specimens did not have edge failures. Eight of
the eleven specimens tested had failures on the 2-1/2" x 1" faces. Specimen
No. 11 had a leading edge failure.

W-2 specimens Numbers 8, 9 and 10 shown in Figure 40 do not have the
degree of glassy surface as the other specimens tested, including those tested
at 2750F. According to the approximate calculations performed, specimens
Numbers 8, 0 and 10 were exposed to the lowest mass flow rates.

3. Siliconized ATJ Graphite

The average life of seven specimens exposed to 2750F was greater than
three 1 hour cycles. No average life has been estimated since three of the
specimens were still satisfactory after four 1 hour cycles, the maximum test
duration. Figure 36 is a graphic presentation of the test results for this
series of tests. Figure 41 is a photograph of the specimens after test. Of
the six specimens exposed at 3000F the average life was greater than 1.5 hours.
Five specimens were failed at the first hour while one was still intact after
four hours. Figure 36 presents the test results graphically while Figure 41
presents the specimens after testing.
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The siliconized ATJ graphite specimens were examined by X-ray by the

vendor befure auid after siliconizing. The samples were categorized as follows:

Grade A - nearly perfect ATJ structure

Grade B - fair structure with minor specks, voids, or
density gradients

Grade C - poor (mottled) structure - high density inclusions,
finely divided into a low density matrix

The specimen supplier likewise employed the following three methods of
quality control in applying the siliconized coating: (1) visual inspection,
(2) weight pickup, and (3) dimensional change.

As. reported in Appendix III of Volume VI, National Carbon suggested that
coating quality is reflected more by sample weight pickup per unit area than
by other factors.

"For a given graphite density and structure, a correlation exists between
weight pickup per unit area of coating and resistance of oxidation. As
graphite structure changes, however, so does the weight pickup per unit area.
A high density, low porosity graphite shows a lower weight increase per unit
area than a low density graphite under the same coating conditions. The indica-
tions are, however, that a low density graphite showing a high weight pickup
per unit area is inferior in oxidation resistance to a higher density graphite
showing a lower weight increase."

Table 16 lists the X-ray grade for each of the specimens tested and the
weight pickup of the specimens during the coating process. The limited number
of samples tested precludes the drawing of definite conclusions regarding the
effect of X-ray grade and weight pickup on oxidation resistance. Nothing can
be said regarding X-ray classification. There is only the slightest evidence
that with greater coating pickup there is greater oxidation resistance.

The after-test appearance of siliconized ATJ graphite specimens C-11 and
E-6 differ from the other specimens tested at the same temperature (Figure 41
Specimen C-U1 shows discoloration on both sides of the specimen. Specimen E-6
has discolorations and failures on only one face of the specimen. The failures
noted on E-6 are a series of small pock marks.

4. Preliminary Evaluations

Several preliminary studies were undertaken in the oxy-acetylene furnace
before the specimens were tested. The first was to duplicate as closely as
possible the conditions present when a failure occurred with a W-2 coated 0.5%
titanium molybdenum alloy sample, during an oxidation test at 260OF in the
large graphite resistance furnace under controlled conditions. This was done
to investigate the reason for the failure. A W-2 coated molybdenum 0.5%
titanium alloy specimen was prepared for insertion into the oxy-acetylene
furnace. The right side was the same as that used for the specimen which

WADC TR 59-7414, Volume VII 65



failed and the left side with an experimental method that was being verified.
The left side support pin was a 1/8" diameter high purity alumina rod bonded
in place with an alumina silica cement (QF-180). The thermocouple for this
side was pt-pt 10% rhudium izi high purity alumina sleeving. The thermocouple
bead was coated with a slurry made of high purity aluiina powder and water
before it was inserted into the hole on the backside of the specimen. The
thermocouple was bonded in place with QF-180. The right side support pin was
a zirconia rod bonded in place with QF-180. The thermocouple for this side
was also pt-pt 1M• rhodium but this time with thermocouple sleeving which
according to the vendor can withstand 2800F. QF-180 was used to coat the
thermocouple bead and bond the thermocouple in place. Into the large hole in
the backside of the specimen was bonded a third pt-pt 10% rhodium thermocouple.
The sleeving in this case was high purity alumina with an outer sleeving of
zirconia. Bonding was with QF-180.

The sample was placed into the zirconia nozzle with the furnace tempera-
ture set to assure a specimen temperature of 2600F. After one hour the speci-
men was removed and visual observations made. A slight fluxing action had
taken place at the tip of the 280OF thermocouple sleeving. No changes were
noted in the specimen. At the end of the second hour of exposure, the slight
fluxing of the 280OF thermocouple sleeving continued and a slight glaze forma-
tion was noted on the surfaces of the specimen. At the end of the third hour
the 280OF sleeving failed completely, the coating in the area of the sleeving
had also failed as evidenced by the oxidation of the molybdenum. Hairline
cracks were noted on the specimen wherever the zirconia tubing came in contact
with the coating. Figures 42 and h3 show the various surfaces of the W-2
coated specimen after test. As a result of this investigation, further testing
in the oxy-acetylene furnace was performed with high purity alumina sleeving
and thermocouple beads covered with a high purity alumina and water slurry.

The second study was to continue at higher temperatures the exothermic
reaction experiments reported in Volume III and Section I! of this volume.
U~ncoated molybdenum samples were thermocoupled and exposed to 2300F, 2600F,
and 2985F for 4 minutes, 2-1/2 minutes, and 2 minutes, respectively. The
exothenmic oxidation reaction caused the specimen temperature to rise a minimum
of 250F above the temperature of the furnace environment. Figure 44 is a
grapn of the recorded specimen temperature as a function of exposure time in
the furnace.

The last preliminary study was conducted to determine the suitability of
the equipment and methods for controlled flow conditions at 3000F using a
Durak MG coated specimen. The specimen was prepared with high purity alumina
support pins bonded with alumina-silica cement (QF-180) and had high purity
alumina thermocouple sleeving.

After one hour at temperature, the specimen exhibited only a glaze forma-
tion on its outer surfaces. Half way during the second hour at 300OF smoke
was detected from the furnace opening. Upon removal from the furnace at the
end of the second hour, a coating failure was noted at the center of the
specimen leading edge. Small black specks were also noted along the leading
edge. At one corner it appeared that part of the zirconia nozzle had reacted
with the Durak MG coating.
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An additional five minute exposure in the furnace did not show an exo-
thermic reaction due to continued oxidation, as evidenced by the following
temperature readings:

Time

Minutes OF

0 Placed in Furnace

1 2890

2 2950

3 3000

4 3000

5 Removed from Furnace

After removal from the furnace, the specimen was re-examined. The small
black specks noticed after the second hour of exposure had grown in dimension
and several became points of failure. A scratch was made through the coating
at a point 3/ inch from the edge (Figure 42). The purpose of this was to see
if on exposure the coating would self-heal and prevent oxidation. The specimen
was exposed for 15 minutes to 3000F. Definite oxidation was noted with no
apparent evidence of self healing. The small black specks continued to grow
larger, with many more becoming points of failure.
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TABLE 13

TEST SCHEDULE FOR OXIDATION TESTING

IN OXY-ACETYLENE FURNACE

Number of Samples Tested

Test Temperature 0 -)

Specimen 2750 t 5OF 3000,' !OF

Durak MG Coated Molybdenum (2) 5 5

W-2 Coated Molybdenum (2) 6 5

Siliconized ATJ Graphite (3) 7 6

Notes: 1. The samples exposed to 2750F and the siliconized ATJ exposed
to 300OF were removed after 1 hour cycles, cooled to approxi-
mately 30OF and then inspected. The Durak MG and W-2 coated
molybdenum samples exposed to 300OF were removed after' 15
minute intervals.

2. These samples were tested until a coating failure occurred.

3. These samples were run for four 1 hour cycles or to failure,
whichever occurred first.

WADC TR 59-744, Volume VII 68



TABLE 14

CAI.CUIATED MASS .FWWY RATES

Mass Flw Rate
#/ft?-hrTheoretically

Test Total Gas Calculated
Specimen Temperature Stream Excess Oxygen

Durak MG Coated Molybdenum
Sample No. 2 2750 315 0

3 2750 218 56
4 2750 209 34
5 2750 169 43
6 3000 188 0
7 3000 188 0
9 3000 209 45

10 3000 218 71
11 2750 158 23
12. 3000 198 110

W-2 Coated Molybdenum
Sample No. 1 2750 212 58

2 2750 206 59
4 2750 206 59
5 2750 234 45
6 3000 203 56
7 3000 198 110
8 3000 173 91
9 3000 176 117

10 3000 132 30
11 2750 170 29
12 2750 180 33

Siliconized ATJ Graphite
Sample No. H-2 2750 272 47

G-1 2750 272 47
J-3 2750 198 58
B-6 2750 192 52
C-ll 2750 204 36
E-6 2750 201 33
H-6 2750 100 48
E-8 3000 197 85
c-6 3000 276 0
K-3 3000 194 18
J-8 3000 19h 0
J-i 3000 268 0
E-2 3000 150 62
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TABLE 15

PROOF TESTS ON OITDIZING CCKDITIONS

Bare Time Percent
Graphite Date of Test Weight

Sample Check Exposure Temperature* Loss
No. Made Miti. F Per Min.

32 lot day 5 2750 7.0

33 2nd day 5 3000 9.6

34 3rd day 5 3000 9.6

35 4th day 3 2750 4.2

39 5th day 3.5 2750 5.7

* Test temperature was determined using a dummy specimen. The actual
temperature of the specimen was not measured. Because of the pos-
sible exothermic nature of the reaction the loss rates do not neces-
sarily correspond to the indicated test temperatures. The purpose
of this testing was to demonstrate the existence of oxidizing
conditions.
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TABLE 16

TDMTIFICATION OF SILROONIzE= ATJ SPECiMENS

Weight%,

Specimen X-r Pickup kcj Cycles toNo. Grade'1 ) grams Failure

2750F

H-2 AB 1.73 4+G-I AB 2.06 4+
J-3 AB 2.53 4+B-6 AB 1.45 hC-l1 AB 1.55 2E-6 AB 1.85 1H-6 AB 1.92 2

300OF

E-8 AB 1.72 1C-6 C 1.70 1K-3 AB 1.90 1J-8 AB 2.46 4+J-i. AB 2.28 1Z-2 C 1.49 1

Notes: 1. Definitions of the X-ray grades are:

A - nearly perfect ATJ structure

B - fair structure with minor specks, voids or
density gradients

C - poor (mottled) structure - high density inclu-
sions, finely divided in a low density matrix

2. All of the tested specimens were coated during National
Carbon Run No. G-18.
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Hours of Exposure

I S 2700°F 1 3000°F
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FIGURE 36. GRAPHIC PRESENTATTON OF TEST RESULTS ON COATED SPECIMENS
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FIGURE 42. COATED MOLYBDENUM SPECIMENS AFTER TEST (FAILURES ENCIRCLED)
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FIGURE 43. SIDE VIEW OF W-2 COATED MOLYBDENUM SPECIMEN SHOWING ZIRCONIA

SUPPORTING ROD (AFTER 3 HOURS AT 2600°F)
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IV. ARC PLA314A TESTS

A. DESCRIPTIO'N OF S1TQ'I"P

For the arc plasma testing portion of this contract, three different arc
jets were employed. Two are located at the Langley Research Center of NASA
and are operated by the Structures Research Division; the third is located at
the Plasmaadyne Corporation. Descriptions of the facilities are presented in
the following sub-sections.

1. NASA Langley Research Center Arc-Jet No. 20

Arc-Jet No. 20 is a vertical 1500 Kw AC arc jet which exhausts to the
stmosphere; the chamber pressure is slightly above atmospheric. Air velocity
is low subsonic, approximately 300 to 400 feet per second. It has a 6 inch
diameter axisymnetric exit nozzle, made of graphite, and the arc chamber is a
graphite cylind~r-of approximately 1 inch wall thickness. The arcing occurs
phase-to-phase among 6 graphite electrodes of about 1.5 inches diameter, ini-
tially 18 inches long, equally spaced to form a circle. The electrodes are
mounted in water-cooled holders, and extend through a perforated fused quartz
plate, clearance between the electrodes and the hoies in the plate provide 6
flow passages for air flowing toward the arc.

i-:heoarc.chadbe_ has an inside diameter of 18 inches. The arc is started
by moving one pivoted electrode to make a short circuit contact with a neighbor-
ing electrode.. After this contact has heated the 2 short-circuited electrodes
for several seconds, an air cylinder rotates the pivoted electrode to its
normal vertical position, and an arc is thereby created which spreads to the
remaining 4 electrodes. The arc chamber is cooled by external coils containing
circulating water which reduce radiation to the test cell walls and adjacent
operating personnel.

A series of orifices and pressure pickups upstream of the jet are contin-
_-uously monitored to insure a constant mass flow of air during any one test;

they provide variable mass flow when it is desired to vary air temperature and
heat transfer rate.

After passing over the test model, the jet exhausts into a duct which is
slightly evacuated by an air ejector to take exhaust products out of the labor-
atory. The carbon content of Arc-Jet No. 20 is well below 5% by weight. The
run time at high power (1500 Kw) is limited to 5 minutes by the capacity of
the water cooling system in the power generating equipment. The reactor in
the power circuit is a series of copper coils with air cores, and these coils
contain circulating water for cooling. After 5 minutes of running, the water
in the coils begins to boil, and operation of the arc must be terminated.
Except for the cooling limitation, the run time at full power could be extended
considerably; the air supply and electrode life is sufficient for times in
excess of 5 minutes. By operating the arc at low power (600 Kw) the run time
can be extended to 10 minutes, even with the cooling limitation.
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The gas temperature at the nozzle exit of Arc-Jet No. 20 was measured
spectrographically and found to be 9000OF for the 1500 Kw, 0.24 lb/sec mass
flow condition. Measurements of gas temperature above the nozzle exit, at
locations corresponding to specimen locations during test, could not be made
spectrographically. A cooled gas pyrometer, described in NACA TN 4383, was
used to measure gas temperature above the nozzle, but no satisfactory results
were obtained. There are, therefore, no measured values for gas temperature
at the specimen in Jet No. 20, nor at any location for other than the 1500 Kw,
0.24 lb/sec operating condition.

The test specimen is supported in the jet by a graphite wedge above the
specimen, which is a continuation of the specimen contour, as well as two
graphite wedges mounted alongside both the upper wedge and the specimen. A
1/32 inch thick layer of fibrequartz isolates the specimen from its supports.
The specimen is attached to the adjacent supports by means of 2 graphite pins;
the adjacent supports are, in turn, attached to the upper support wedge by
4 steel screws. Finally, the upper support wedge is suspended from a water-
cooled sting, which can be raised or lowered by a hydraulic support column, so
that the specimen height relative to the jet nozzle can be varied during a run
although in the present tests the specimens were held to a fixed position
throughout the run.

Figure 45 shows the specimen supported as described above. Figure 46 is
a detail drawing of the specimen holder, and shows the passages through which
the leads to the thermocouple, embedded in the specimen, were routed to the
recorder. Table 17 summarizes the characteristics of Arc-Jet No. 20 applicable
to the tests described in Section IV.C.

2. NASA Langley Research Center Arc-Jet No. 10

Arc-Jet No. 10 is a horizontal, variable power AC arc-tunnel which-aexhausts"
to a chamber evacuated by an air ejector; for the tests conducted in Jet No. 10
during this program, the chamber pressure was approximately 2.0 psia. The arc
was operated at a power level of 1250 Kw, and the air velocity at the exit of
the 6 inch diameter test section was approximately 1000 feet per second. The
arc chamber is made of stainless steel, and has a graphite liner; it is 20
inches in diameter in the electrode region, tapering, through a subsonic nozzle,
to the 6 inch test section diameter.

The electrodes are copper and ae watetrcooled.- They are in the form of
6 concentric rings, 2 rings for each of the 3 phases, and arcing takes place
phase-to-ground. Starting the arc is achieved by placing a thin copper wire
across the electrodes to form a short circuit; by the time the wire has burned,
the arc has been struck.

Arc-Jet No. 10 has a variable mass flow capability. The hot gas, after
passing over the test specimen, exhausts through the air elector to the atmos-
phere. The air supply for the air ejector which reduces the tunnel chamber
pressure is the limiting factor as far as tunnel run time is concerned; it is
the fact that only something over 1 minute of ejector air supply is available
that limits the run time to somewhat over 1 minute. At atmospheric chamber
pressure, Arc-Jet No. 10 can run for periods much greater than 1 minute.
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The carbon content in Arc-Jet No. 10 is negligible; the gas temperaatre
at the specimen is 73000F, measured spectrographically.

Spelents tested in Arc-Jet No. 10 are supported in a manner similar to
that described for specimens in Arc-Jet No. 20, although the wedge behind the
specimen is shorter, and the sting does not require water cooling because of
the short run times.

Figure 47 is a detail drawing of the specimen holder used in Arc-Jet
No. 10. Table 18 summarizes the characteristics of Arc-Jet No. 10 applicable
to the tests described in Section IV.C.

3. P.lasmadynh*Corporation Arc Tunnel

Plasmadyne Corporation's arc plasma tunnel is capable of simulating
flight velocities in the atmosphere up to 25,000 feet per second and flight
altitudes up to 300,000 feet, conditions which correspond to tunnel operating
stagnation enthalpies up to 18,000 BTU per pound. Fignure 48 shows this simu-
lation range and includes the point corresponding to the conditions under which
the tehts described in this report were run. The simulation point is determined
from conditions at the stagnation point of the specimen, behind the bow shock
wa're; specifically, the stagnation point pressure, p•, and the stagnation
enthalpy, hT. These same values would exist behind the bow shock wave in
flight, although the flight conditions that produce them would be different
from the free stream conditions in the arc jet. That is, the free stream con-
ditions in flight ahead of the shock wave, the free stream velocity, density,
andpressure, are not duplicated in the tunnel, or in other words, the free
flight Mach number is different from the tuannel Mach number. These facts con-
cerning simulation should be borne in mind when data from Figure 48 is compared
with data from Table 19.

The test chamber is a cylindrical pressure-tight tank, water-cooled, which
is connected to a vacuum system. It contains several viewing ports, some off-
set, which permit both visual and photographic observation of the test specimen,
and which allowed optical pyrometer readings to be made on both the leading
edge radius and on points on the skirt of the specimen. Figure 49 shows the
test chamber with the plasma head and nozzle attached.

The plasma generating system consists of the plasma head, a mixing chamber,
and a nozzle; the system is shown schematically in Figure 50. The two elec-
trodes are made of tungsten and are wat~r-cooled; the arc strikes between them
in the arc chamber. The working gas enters the arc chamber tangentially and
is swirled through it into the hollow front electrode, then the mixing chamber,
and finally issues from the nozzle into the test section, passing over the
test specimen. Additional gas, either the same or different from that injected
into the arc chamber, can be added through the radial holes .located in the mix-
ing chamber. In order to minimize oxidation of the electrodes when the test
gas is air, nitrogen is injected into the arc chamber, and oxygen i. added to
the gas stream in the mixing chamber; this method was used for the tests
described in this report.
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The Mach number in the hot jet depends on gas type and stagnation tempera-
ture and pressure, as well as on the state of the gas, the nozzle contour, and
the uniformity of the flow ahead of the nozzle. The particular nozzle used
for these tests was designed to achieve a jet Mach number of 3.0 and a jet
diameter of 3 inches.

Figure 50 includes schematic pressure taps at two locations in the gas
flow path. The pressure measurdb wall tap in the mixing chamber, PT, is
both the static pressure in the mixing chamber and the stagnation pressure
throughout the flow path. A wall tap at the nozzle exit measures the exit
static pressure, p, less than PT by an amount equal to the velocity head at
the nozzle exit. A pitot tube at the nozzle exit would measure a third pres-
sure, pl, the pressure behind the shock wave caused by the presence of the
pitot tube in the supersonic stream. pl is less than pT by an amount equal to
the loss across the shock wave. pT, p and p• are included in Table 19; it
should be noted that PT is the pressure shown in Figure 48, representing stag-
nation pressure of the fas stream, but the stagnation pressure on the leading
edge test specimen is Po.

For the present tests, the Plasmadyne arc tunnel was operated with a stag-
nation pressure, pT, of 3.51 psia, a nozzle static pressure, p, of 0.068 psia,
and a pitot pressure, pl, of 0.68 psi&.

The possible run duration in the Plasmadyne arc tunnel is in excess of
1 hour, since electrode erosion is very slight, the evacuation system is con-
tinuous, and cooling is available for both the test chamber, including the
plasma generating system, and the instrumentation. The slight electrode ero-
sion insures, in addition, an uncontaminated jet of plasma.

Gas temperature was not measured directly in the Plasmadyne arc tunnel.
Calculations established that the gas approached a state of equilibrium, as
shown by the comparison of measured and theoretical pressure ratios, Figure 51
and therefore a Mollier diagram for air provided a stagnation temperature for
measured stagnation enthalpy and pressure conditions. Further gasdynamic cal-
culations yielded a relative knowledge of gas temperature, density, and velo-
city, values of which are included in Table 19.

The test specimen was supported by a water-cooled graphite holder which
positioned the specimen such that its spanwise axis was in a vertical plane.
The holder, shown in Figure 52, was constructed by Plasmadyne personnel, and
was designed for mininrun interference with the leading edge specimens.

Table 19 summarizes the characteristics of the Plasmadyne Arc Tunnel
applicable to the tests described in Section IN.C.
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B. TEST PROCEDURE

1. General - NASA Lang!ey Research Center

Twenty-four leading edge specimens, of the type described in Appendix I,
were made available to the NASA Langley Research Center for testing in arc-
jets. The 24 specimens included the following materials:

a. 6 bare ATJ graphite specimens
b. 6 siliconized ATJ graphite specimens
c. 4 bare molybdenum alloy specimens
d. 4 W-2 coated molybdenum alloy specimens
e. 4 Durak MG coated molybdenum alloy specimens

Five specimens, one of each materi~l, was considered a set. In addition, trial
sazples of the same type as those listed above were supplied for..preliminary
runs in which specimen positioning and photographic and instrumentation tech-
niques were established.

In view of the run times and gas conditions available in arc-jets Nos. 10
and 20, and realizing that a specimen in arc jet 10 might not reach the 30OOF
surface temperature desired in all tests, during the limited tan time, it was
decided to test only one set of specimens in arc-jet No. 10, the purpose being
to determine the effect of reduced gas pressure on specimen behavior by compar-
ing the condition of the set run in arc-jet No. 10 with a set run in arc-jet
No. 20 for exactly the same time, except that a specimen which was unaffected
during a 5 minute run in jet No. 20 was not run for 1 minute in jet No. 20,
i.e., a material which showed no change during a 5 minute exposure was assumed
to show no change during a 1 minute exposure, for the same conditions. Conse-
quently, the following test program evolved, based on the need for the maximum
amount of data for the number of available specimens, considering the arc-jet
conditions available:

Number of

Sets Run Run Time Arc Jet No. Arc Power

I 5 minutes 20 1500 Kw

1 10 Ldinutes 20 600 Kw

1 1+ minutes 10 1250 Kw

1, or part of 1, 1+ minutes but 20 600 Kw
as needed equal to the time

in arc-jet No. 10

Tests of all specimens were photographed in color; the film was exposed at the
rate of 24 frames per second for the 1 and 5 minute runs, and at the rate of
12 frames per second for the 10 minute runs.
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The specimen temperatures quoted later in Section C-2 are nominal values
based on radiometer readings on the specimen leading edge and thermocouple
readings obtained at a point within the specimen, half the specimen chord dis-
tance back from the leading edge. The radiometer data is based on emissivity
values supplied by Bell Aircraft Corporation. The Barnes Engineering Coiqpany
industrial recording pyrometer used during these tests is calibrated for cer-
tain emissivity values, and the calibrated values closest to those supplied by
Bell were used in computing surface temperature, with the exception of bare
molybdenum which, by trial, appeared to have a higher value of emissivity than
the 0.3 specified by Bell.

The emissivity values supplied by Bell Aircraft Corporation were deter-
mined experimentally as part of this contract (see Volume IV); they were:

Bare ATJ graphite 0.75
Siliconized ATJ graphite 0.60
Bare molybdenum alloy 0.30
W-2 coated molybdenum alloy 0.60
Durak MG coated molybdenum alloy" .. -0.60 .

2. NASA Langley Research Center Arc-Jet No. 20

The jet was calibrated for heating rate at specific specimen locations
and jet power settings. Because of the many variables involved, itý vas neces-
sary to locate the specimen by trial, for each material, in order to get the
required 3000OF surface temperature. The approximate location could be estab-
lished by the knoun heating rate data and the emissivity data, but accurate
locations required trial runs.

The specimen temperature was measured in two ways: the interior tempera-
ture was measured by means of a platinum-platinum, 10% rhodium thermocouple
located on the axis of symmetry of the specimen, 1/2 inch aft of the leading
edge; the surface temperature at the stagnation region was measured by a Burns
Engineering Company industrial recording pyrorueter, Model No. R-4Dl. In a
number of runs, an optical pyrometer was used as a check on the stagnation
region surface temperature. At equilibrium it was assumed that the internal
temperature, as measured by the thermocouple, was within 100OF of the surface
temperature, as measured by the radiometer; this value of temperature difference
was based on an approximate analysis of the behavior of the specimen under corm-
bined conditions of conduction, convection, radiation, and re-radiation.

The specimen was photographed continuously throughout the entire test by
two cameras at right angles, one recording the plan view, and the other the
side view, providing a record of the specimen behavior during each test, on
color film.

Each specimen was accurately weighed and measured before and after test,
and changes were recorded. All pertinent arc jet parameters were recorded for
each run, and the specimen surface temperature was continuously monitored. All
specimens were returned to Bell Aircraft Corporation for final inspection.
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3. NASA Langley Research Center Arc-Jet No. 10

The specimen location in Arc-Jet No. 10 was chosen to permit the specimen
to be photographed through a window in the turnel; the specimen location was
not critical since, although the jet was calibrated for heating rate at the
one position, the heating rate and gas temperature were essentially constant
throughout the 6 inch cLiameter test section, 220 BTU/ft 2-sec and 73000 F,
respectively. These vaLues produced a maximum specimen surface temperature of
approximately 3000 0 F,, which was measured by means of a platinum-platinum 10%
rhodium thermocouple only; the tunnel configuration made the use of a radiometer
impractical. It was again assumed that at equilibrium, the thermocouple read
100OF less than the surface temperature.

The length of run was set by the predetermined capacity of the air ejector
reservoir, approximately 80 seconds, 70 seconds of which comprised the actual
time of exposure of the specimen to the hot gas stream. A run was started by
turning on the air ejector to reduce the chamber pressure to 2.0 psia, after
which the arc was turned on, with a low mass flow ofP-air. After the arc
stabilized, the mass flow of air was increased to the desired value, and upon
stabilization of the mass flow, the specimen was placed in the hot gas stream
by means of a system of pneumatically operated doors which fit the bottoX'i of
the tunnel test section.

Air mass flow, specimen temperature, and gas temperature were continuously
monitored during each run, the last by means of a spectrograph, and each run
was continuously photographed on color film.

Each specimen was, accurately weighed and measured before and after test,
and changes were recorded. All pertinent arc jet parameters were recorded for
each run, and all specimens were returned to Bell Aircraft Corporation for
final inspection.

4. Plasmadyne Corporation Arc Tunnel

Ten leading edge specimens of the type described in Appendix I were sent
to Plasmadyne Corporation for arc jet testing, and included the following
materials:

a. 2 Bare ATJ graphite specimens
b. 2 Siliconized ATJ graphite specimens
c. 2 Bare molybdenum alloy specimens
d. 2 W-2 coated molybdenum alloy specimens
e. 2 Dura- Ma coataed molybdenum alloy specimens

Because of the limited funds available, Piasmadyne was requested to 0ei÷ all
10 sped msinn at tho bwtawi nel operating point, with a run duration of five
minutes each; with additional funds it would have been feasible to select a
specific operating point for each material and to run the specimens which with-
stood the environment sufficiently well, for periods in excess of one hour.
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The tunnel operating point was predicated on achieving a true temperature
of 3000OF on the leading edge radius of a W-2 coated molybdenum alloy specimen.

The oxygen concentration in the gas mixture was based on providing a
chemical composition at the specimen surface that would duplicate the composi-
tion at the vehicle surface during free flight, the free flight condition being
that shown as the test point, Figure 48. The calculations which determined the
required osygen concentration in the gas stream considered the fact that at the
lower tunnel Mach number, the rate of diffusion of oxygen through the boundary
layer would be different than the diffusion rate through the free flight,
higher Mach number, boundary layer4* It was concluded that a free stream
oxygen concentration of 10.8% by weight would provide the correct gas composi-
tion on the specimen surface, for the tunnel operating conditions (see Gas Flow
Rate, Table 19). It has been found**, in fact, that beyond a concentration of
8% oxygen, a saturation condition is reached at which additional oxygen does
not affect the oxidation rate. This saturation limit has been observed by
Plasmadyne Corporation in laboratory tests where oxidation (not ignition) was
of prime importance.

After establishing the operating conditions for the required test point,
jet parameter data including stagnation enthalpy, pitot pressure, nozzle static
and test section static pressures, mixing chamber pressure, and heat transfer
rate, were measured. These data are included in Table 19 and are plotted in
Figures 51 and 53. The particular flight altitude point simulated is shown on
Figure 48, based, as previously stated, on conditions at the model stagnation
point, behind the bow shock.

The stagnation enthalpy was determined by computing the amount of power
remaining in the gas, assuming the only power loss was to the cooling water,
and by measuring the gas flow rate. Previous experiments had shown that the
power lost by radiation at the pressures being considered was extremely small.
The power lobt to the cooling water was determined from the cooling water flow
rate and the measured temperature rise.

A water-cooled pitot tube, designed and developed at Plasmadyne, was used
to obtain the stagnation point pressure on the surface of the specimen. The
nozzle pressure taps, static and mixing chamber, are shown in Figure 50. The
pitot, nozzle static, and mixing chamber pressures were read on Wallace &
Tiernan absolute pressure gages. A hand-operatet' valve connected to the test
chamber was used to balance the nozzle and test chamber static pressures to
maintain a uniform jet with minimum shock or expansion waves. The Mach number
plotted in Figue 51, was determined through the combination of pitot, static
and total (mixing chamber) pressure measurements. As shown in Figure 51, the
Mach number is 3.00, indicating the gas to be near equilibrium.

* Dennison, M. R. and Dooley, D. A., "Combustion in the Laminar Boundary Layer
of Chemically Active Sublimators," Aeronutronics Systems Inc. Publication
U-l10, September 23, 1957.

** Personal communication with Dr. E. M. Kinderman, Stanford Research Institute.
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The heat transfer rate to the stagnation point of the leading edge speci-
mens was measured by a 5/8 inch diametAr water cooled hemisphere calorimieter,
designed and developed by Plasmadyne. The millivolt signal from this instru-
ment was aiplified (10OX) and reaa on a Veston millivoltmeter. A radial
survey was made using this instrument to establish the uniformity of the jet
across the 2-1/2 inch specimens. The heat transfer distribution, plotted in
Figure 53, shows an excellent degree of uniformity of the Jet enthalpy distri-
bution. Except for the outer region of cold boundary layer, the heat transfer
rate was reasonably constant at approximately 396 BTU/fte-sec. This value
represents the stagnation point heat flux sensed by the calorimeter, and must
be adjusted to obtain the actual heat transfer rate experienced by the leading
edge specimens, because: (1) the calorimeter is axially-symmetric whereas the
specimen is two-dimensional, (2) the calorimeter is essentially cold wall
whereas the specimen surface is about 3000 0F, and (3) the calorimeter radius
is 5/16 inch as compared with the 1/8 inch specimen radius.

The average value of heat transfer rate across the jet was taken as 360
BTU/ft 2 -sec (see Figure 53) for the 2-1/2 inch specimen, as seen by the calo-
rimeter. Using Lees' theory*, with equilibrium viscosity and a Prandtl Number
of 0.75, the theoretical value of stagnation point heat flux was calculated to
be 374 BTU/ft 2 sec, which agrees fairly well with the experimentally determined
values.

Since only one tunnel operating point was used for all 10 specimens, that
is, the stagnation enthalpy and stagnation point heating rate was the same for
each specimen, the surface temperature of the specimen was dependent on the
emissivity of the specimen material. A Leeds and Northrup optical pyrometer
was used for reading the apparent model surface temperatures, and corrections
were made for the emissivity of each specimen and for the 1/2 inch Pyrex glass
observation windows. At least one survey was made on the leading edge radius
of each specimen, and in addition, temperature readings were taken at two dif-
ferent points 1/2 inch from the leading edge, on the skirt of the specimen.

Each specimen was weighed and meas- rad beaore and after test, and changes
were recorded. Where the chord dimension varied appreciably, measurements at
three spanwise locations were made. Each test was continuously photographed
on color film, with the film exposed at the rate of 12 frames per second. All
specimens were returned to Bell Aircraft Corporation for final inspection.

* Lees, Lester, "Laminar Heat Transfer over Blunt Nosed Bodies in Hypersonic
Flight," Jet Propulsion, Vol. 26, 1956.
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C. TEST RESULTS

1. NASA Langley Research Center Tests

a. General

The gas temperature in Arc-Jet No. 10 was measured spectrographically
and found to be 73000F, as stated above in Section A.2. In addition, the gas
temperature was essentially constant throughout the test section, so that
7300OF air passed over the test specimen.

Section A.1, in describing Arc-Jet No. 20, stated that measurements
of gas temperature at points above the nozzle exit, corresponding to specimen
locations during test, could not be made, either with a spectrograph or a
cooled gas pyrometer. Furthermore, no gas temperature measurements could be
made at other than 1500 Kw arc power, and 0.24 pounds per second air flow rrate,
so that no gas temperature information was available for the rims at arc powers
other than 150O Kw.

In the interest of presenting a complete data picture, the temperature
situation in the free jet of Arc-Jet No. 20 has been estimated; oxidation
behavior of major interest in these tests, and gas temperature implies gas com-
position. It should be clearly understood that all values quoted for gas tem-
perature at the specimen in the NASA tests are the responsibility of the author,
and not the responsibility of NASA Langley Research Center personnel.

Work done at Bell Aircraft Corporation concerning temperatures in the
exhaust of turbo-jet engines has shown that the centerline -.emperature in a
free jet is constant for a distance slightly exceeding 4 diameters of the exit
nozzle. For NASA Langley Research Center Arc-Jet No. 20, therefore, it is
assumed here that the 6 inch diameter nozzle exit produces a core whose temper-
ature remains essentially constant for a distance of 24 inches above the nozzle
exit, a distance within which all specimens were tested, and which has a
diameter sufficient to envelop the leading edge specimens

The only measured value of gas temperature was the 9000OF temperature
measured at the nozzle exit for 1500 Kw of arc power and a mass flow of gas
of 0.24 pounds per second. For this combination of power and flow rate, then,
the gas temperature was taken as constant, for all specimen locations, at
90000F.

Other power-flow rate combinations were used to determine gas enthalpy,
the variation being direct with arc power and inverse with mass flow rate, with
the method including the assumption of constant arc efficiency. Temperatures
corresponding to the calculated enthalpy values were then computed, considering
real gas effects; these temperatures were also assumed to hold constant through-
out the entire range of test specimen position.

The resulting gas temperature estimates are included in Tables 20, 21,
22, and 23; they are felt to be adequate to give an indication of the degree
of dissociation of the gas flowing over the specimen, a quantity thought to be
applicable to the consideration of specimen oxidation.
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A fused quartz perforated plate fits over the 6 electrodes in NASA
Langley Research Center' s Arc-Jet No. 20. During same of the tests it is
believed that quarts material from this plate was deposited on the specimen,
and soea of the weight gains shown later for the coated specimens may be due
to either the deposited quartz or oxidation of the coating, or both. In the
case of the bare specimens, the weight loss may have been retarded by deposit
of the quarts. The presence of the rough, glass-like deposits also influences
the change in chord measurement.

The difficulty in determining whether a weight or dimensional change
was due to oxidation or a quartz deposit stems from the fact that in either
case the foreign substance could be expected to be primarily silicon dioxide.
It is believed that the roughness shown on most of the specimens after test in
the NASA Arc-Jet No. 20, Figures 55 and 56, is deposited quartz from the jet;
no such rough markings show on specimens tested in NASA Arc-Jet No. 10,
Figure 57, or on those tested in the Plasmadyne arc tunnel, Figure 90.

The chord measurements applicable to the specimens tested at the NASA
Langley Research Center are nominal values since, particularly after test,
there is a slight spanwise variation in chord dimension.

As testing progressed at Langley Research Center it became necessary
to add to the number of specimens contemplated under the program described in
Section B.1, above, partly because some specimens did not receive their full
exposure, and partly becaase additional specimens were made available. A net
total of 25 specimens is therefore included in the results described later.

For comparison purposes, a specimen of each material was photographed
before test and the original appearance of the group of 5 specimens is shown
in Figure 5t. A typical group of specimens of each material is shown after
nominal 5 and 10 minute runs in the atmospheric .ac-jet and after nominal one
minute runs in the arc tunnel in Figures 55, 56 and 57, respectively. Figure
58 shows all specimens, except trial specimens, which were tested at NASA
Langley Research Center, ccopared with a set of specimens before test.

b. Bare ATJ Graphite Specimens

Five bare ATJ graphite specimens were tested, four at atmospheric pres-
sure and one at a test section pressure of 2 psia. The maximum surface temper-
atuie-time history of these specimens during test is plotted in Figures 59
through 63. Table 20 shows that all specimens sustained a considerable loss
of material, particularly specimens No. 25 and 29. Maximum surface tempera-
ture ranged from 3000OF to 32000 F, for all five specimens; gas temperature was
higher in the atmospheric jet than in the arc tunnel, an estimated 9000OF to
10,OOOOF in the former, and 7300OF in the latter.

All bare and siliconized ATJ graphite specimens tested at NASA Langley
Research Center were photographed after test, with a bare and coated specimen
present for comparison, and are shown, with their designations, in Figure 64.
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c. Siliconized ATJ Graphite Specimens

Six siliconized ATJ graphite specimens were tested, 5 at atmospheric
pressure, and 1 at reducsd gas pressure. The applicable test data is summarized
in Table 21, and Figures 65 through 70 show a maximum surface temperature-time
history for each specimen during test.

All 5 specimens subjected to the atmospheric pressure gas stream, for
times ranging from 300 to 600 seconds, showed slight weight increases, although
the chord dimension decreased in two cases. The maximum surface temperature
was approximately 3000OF during all 5 runs, while the estimated gas temperature
variation of 8000OF to 10,000°F incLIcates the relative dissociation of the gas
stream.

The specimen subjected to 7300 0 F, 2.0 psia gas, showed a small weight
loss, although no decrease in chord dimension could be measured. All 6 coated
graphite specimens were inspected under a magnification of 30 X, and the fol-
lowing remarks are applicable:

Specimen 1-7 - Some glazing but no failure of the coating.

Specimen 1-8. - Some glazing but no failure of the coating.

Specimen D-12 - One corner of the leading edge was rounded and
holes existed in the leading edge along the stag-
nation line. A glassy substance had filled the
holes and had somewhat rebuilt the rounded corner.
This specimen was heated at Bell Aircraft Corpora-
tion for 1 hour at a temperature of 2000OF in an
air atmosphere to see if any change would occur,
indicating either that the coating had healed
itself, or that it had failed in the arc jet and
the damage was extended by exposure in the furnace.
This exposure indicated that the coating had
failed during exposure to the arc jet, since prob-
ing resulted in the uncovering of large areas of
oxidized graphite. The specimen after probing is
pictured in Figure 71.

Specimen F-7 - Specimen glazed, but no coating failure.

Specimen D-8 - Corner of leading edge marked but no penetration
of the coating.

Specimen G-3 - Color of stagnation region lighter than further
aft, but no coating failure.
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d. Bare Molybdenum Alloy Specimens

Seven bare molybdenum alloy specimens were tested, 5 at atmospheric
pressure, and 2 at a test section pressure of 2.0 psia. The maximum specimen
surface temperature range was 3000OF to 3300°F, with a 7300°F gas temperature
under reduced pressure conditions, and estimated gas temperatures in the
atmospheric jet of from 9000OF to 10,OOOF.

All specimens showed a weight loss due to exposure to the arc jet,
but the percent losses were in general less than those, for bare graphite, for
similar operating conditions.

The test results for the bare molybdenum specimens are summarized in
Table 22. The maximum specimen surface temperature-time histories are plotted
in Figures 72 through 78, and Figure 79 shows all bare and coated molybdenum
alloy specimens after test, with their designations, and with a bare and coated
specimen for comparison.

e. Coated Molybdenum Alloy Specimens

--.. TCWe---2 coated mofibdenum alloy specimens were tested, 2 at atmos-
pheric pressure and 1 at reduced pressure. In all 3 cases the maximum surface
temperature ranged from 3100OF to 32000F, and the gas temperature was 7300OF
or greater. The test results, summarized in Table 23, show no significant
weight or dimensional changes in the specimens after exposure to the hot gas
stream. Figures 80, 81, and 82 give the maximum specimen surface temperature-
time histories for the W-2 coated molybdenum alloy specimens.

A 30 X magnification of the W-2 coated specimens after test produced
the following observations:

Specimen E - Specimen glazed but no failure of the coating.

Specimen H - Specimen glazed and crazing of the coating evident.
Ten pinholes distributed across the stagnation
region. .

Specimen F - No datage.

Four Durak MG coated molybdenum alloy specimens were tested, 3 at
atmospheric pressure and 1 at reduced pressure. Maximum surface temperatures
for all 4 specimens ranged from 3000°0 to 31000F, and gas temperature was
7300OF in the arc tunnel, and estimated to be 9000OF to 10,0000F in the atmos-
pheric jet.

Table 23 summarizes the test results and shows no significant weight
or dimensional changes in the specimens after exposure to the hot gas stream.
The specimen maximum surface temperature-time histories are plotted in
Figures 83 through 86.
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Inspection of the Durak NO coated specimens after test, using a magni-

fication of 301, provided the following information:

Specimen D - Specimen glazed, but no coating failure.

Specimen A - Glazed appearance, 3 corner failures and numerous
pinholes along the stagnation region. This specimen
was sectioned in two places. Figure 87 is a 2501
view showing that penetration began but did not go
through the diffusion region of the coating.
Figure 88 magnified lOOX, shows another portion of
the crosg section where penetration extends through
the coating.

Specimen B - Specimen glazed; the stagnation region had 10 holes
from 1/16 inch to 1/8 inch in diameter and over 30
pinholes; there were, in addition, 3 corner failures.

Specimen C - No damage.

2. Plasmadyne Corporation Tests

a. General

The nozzle used for this series of tests had experienced considerable
running time and had suffered some erosion; the scheduling of these tests did
not permit time for fabricating a new nozzle. The erosion of the nozzle chamber
caused minor shock waves in the plasma jet, the boundaries of which produced
higher surface temperatures on the specimens where the shock boundary inter-
sected the specimen, than at points on the specimen which were exposed to the
undisturbed flow. The reason for the higher surface temperature at this inter-
section is the increased density of the gas, which -hmreases-tt-T-heat'transfer
coefficient. The increased heat transfer rate at the intersection points was
particularly noticeable on the bare graphite specimens, and somwhat less so
on the molybdenum, as can be seen in Figures 90, 93 and 98.

The effect of the shock wave on the test specimens indicates that a
more complete heat flux survey would show localized peaks at about a 0.65 jet
radius, rather than tvie smoo~n distribution shown in Figure 53.

Since the effect of the shock waves was quite pronounced on the bare
graphite specimens, three temperature surveys were made continuously on the
leading edge, one at the center (spanwise) and one each at the two intersection
po nts of the shock waves. Chord change measurements were taken at these same
three points for both the bare graphite and the bare molybdenum alloy specimens.

A general view of the behavior of all the specimens under the condi-
tions imposed by the arc-jet can be obtained from the comparison of weight
loss rate for a stagnation entha-ipy of 6800 BTU/lb, Figure 89. Figure 90
shows all specimens after the Plasmadyne tests, and all test data is summarized
in Table 24. Table 19 includes characteristics of the Plasmadyne arc tunnel
and should be referred to in conjunction with Table 24.
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The run time for anl specimens was 5 minutes at a stagnation enthalpy
of 6800 BTU/lb, a stagnation pressure on the specimen surface of 0.68 psia,
and a gas stagnation temperature at the specimen stagnation point of 92100 F.

b. Bare ATJ Graphite Specimens

The 2 bare ATJ graphite specimens experienced the highest percentage
loss in weight of any of the 5 material types tested, and the second highest
weight loss rate, as shown in Table 24 and Figure 89, respectively.

Specimen 6 has a maximum surface temperature of from 2600°F to 29000F,
depending on spanuise location, as seen in Figure 91 , and Specimen 7 had a
variation of 2600°F to 27500 F, Figure 92.

Figure 89 indicates a weight loss rate for both bare graphite speci-
mens of about 1.0 grams per minute, and Table 24 shows a percentage weight
loss of about 21%, and a chord reduction of up to 26%.

Figure 93 is a photograph including the ,bae ATJ graphite specimens
after test; note the effect of the shock wave boundary.

c. Siliconized ATJ Graphite Specimens

The 2 siliconized graphite specimens suffered no apparent damage,
but showed a gross weight loss of 0.1 to 0.2%, Table 24 , and a weight loss
rate of from 0.007 to 0.010 grains per minute, Figure 89 • There was no measur-
able change in chord dimension.

Specimen N-7 had a maximum specimen surface temperature of 2600OF to
2700OF depending on location, as seen in Figure 94 , as did Specimen L-3,
whose temperature history is given in Figure 95.

The siliconized ATJ graphite specimens are pictured in Figure 93

after test.

d. Bare Molybdenum Alloy Specimens

The 2 bare molybdenum alloy specimens exhibited the second highest
percentage weight loss of all 5 materials tested, and the highest rate of
weight loss. Table 24 shows the former to be 6 to 7%, and the latter is about
1.8 grams per minute, Figure 89. The decrease in chord dimension ranged from
1 to 4%.

The maximum surface temperature for both specimens was approximately
34000F, although the validity of the temperature measurement in this case is
questionable because of the presence of a bright "halo" of molybdenum trioxide
enveloping the entire specimen, which may have affected the optical pyrometer
readings. Temperatures as measured are given in Figures 96 and 97.

The appearance of the bare molybdenum alloy specimens after test can
be observed in Figure 98 ; the effect of the shock wave is noticeable.
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e. Coated Molybdenum Alloy Specimens

The 2 W-2 coated and the 2 Durak MO coated molybdenum alloy specimens
had no appreciable weight loss and no measurable decrease in chord dimension,
as summarized in Table 24. All 4 specimens sustained a maximum surface tem-
perature of 30000 F,, including the points of shock intersection, as shown in
Figures 99 tlrough 102. Figure 98 is a photograph which includes the
4 coated specimens after test. The pitted region on the leading edge of Speci-
men W-2 indicates a coating failure. Figure l03 is an enlarged view of Specimen
W-2, and Figure 104 is a further enlargoment of the area of failure.

Except for Specimen W-2, the rate of weight loss for the coated molyb-
denum alloy was extremelyalow, as shown in Figure 89 ; 0.004 grams per minute,
or less.
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TABLE 17

CHARACTERISTICS OF THE NASA LANGLEY RESEARCH CENTER
6 INCH SUBSONIC AM JET J-ET NO. 20)

AS MEASURED FOR TESTS OF THE BELL LEADING EDGE SPECIMENS

Arc Power 500 to 1600 Kw

Jet Diameter 6 inches

Air Flow Rate 0.08 to 0.24 #/second

Height of Specimen Above Nozzle Exit 0 to 36 inches

Maximum Running Time:

1. High Power 5 minutes

2. Low Power 10 minutes

Heating Rates:

1. Leading Edge Specimen Stagnation
Point 50 to 320 BTU/ft 2 -sec

2. Leading Edge Specimen Skirt 15 to 90 BT'J/ft 2-sec

Gas Stagnation Temperature

1. ýt Nozzle Fod.t 9000OF

2. At Locations Above Nozzle Could not be measured

Jet Static Pressure Atmospheric
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TABLE 18

CHARACTERISTICS OF THE NASA LANGLEY RESEARCH CENTER
6 INCH SUBSONIC ARC TUNNEL (JET NO. 10)

AS MEASURED FOR TESTS OF THE BELL LEADING EDGE SPECIMENS

Arc Power 1250 Kw

Tunnel Section Size 6 inch diameter

Air Flow Rate 0.082 #/second

Maximum Running Time 80 seconds

Heating Rates:

1. Leading Edge Specimen Stagnation
Point 220 BTU/ft 2 -sec

2. Leading Edge Specimen Skirt 80 BTU/ft 2 -sec

3. 3/8 inch Diameter Flat-Face
Water Calorimeter 180 BTU/ft 2-sec

Gas Stagnation Temperature 7300OF

Tunnel Section Static Pressure 2 psia
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TABLE 19

CHARACTERLSTICS OF THE PLSMNADYNE ARC TUNNEL

Stagnation Rathalpy - hT 6800 BTU/#

Stagnation Point Heat Flux to 5/8 inch
Diameter Water Cooled Calorimeter -396 BTU/ft2sec

Nozzle Static Pressure - P 0.068 psia

Pitot Pre•app,•_,Pol
(Stagnation pressuri on specimen surface) 0.68 psia

Stagnation Pressure - PT
(Pressure in plenum chamber) 3.51 psia

Nozzle Mach Number - M 3

Jet Diameter - d 3 inches

Arc Power Input - P 200 Kw

Gas Flow Ra"te 0.013 #/sec N2
0.00137 #/sec 02

Free Stream Gas Properties*

Gas Density - 2.20 x lo-0 #/tt3

Gas Velocity - V 12,300 ft/sec

Gas Temperature - T 6600°F

Stagnation Values at Model Stagnation Point*

Gas Density - 1.37 x 10-4 #/ft 3

Gas Temperature - T 9210°F

* Based on ollier Chart for Equilibrium Air.
All other values listed are experimental measurements.
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FIGURE 45. A LEADING EDGE SPECIMEN POSITIONED OVER NASA LANGLEY RESEARCH
CENTER ARC JET NO. 20
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V. COMPARISON OF RESULTS

In addition to the general evaluation of the materials of interest under
different operating conditions, the results obtained and described in Sections
I, III, and IV should be examined in an attempt to learn how test variables
influence oxidation resistance. The test specimens used fall into three
groupst (1) uncoated material, (2) coated material, and (3) coated material
with intentional damage. Tests of the uncoated materials were conducted in
flowing air arc plasma facilities at various temperatures, velocities and pres-
sures. The coated materials were tested in flowing air, flowing oxy-acetylene
combustion products and arc plasma jets, at various temperatures, velocities,
and pressures. The intentionally damaged specimens were tested only in the
preheated flowing air facility at two temperatures and two flow rates.

The effects of the following variables should be indicated:

Specimen temperature
Gas pressure
Gas velocity
Gas enthalpy
Degree of gas dissociation
Gas composition
Gas temperature

In addition, comparison is possible between the oxidation behavior of uncoated
materials and the behavior of the same materials when the protective coattings
are damaged.

This section of the report compares the data obtained from the tests in
various facilities and investigates the possible effects of the test variables.
Where possible, the data obtained from this portion of the material evaluation
phase of the program are compared with data generated during the screening
test phase; see Volume III, Section V.G.

A. UNCOATED MOLYBDEUM ALLOY

Figure 105 presents the loss rate of the 0.5% Ti molybdenum alloy in the
various test facilities. The data are plotted as the log of surface recession
versus reciprocal temperature. Also included are the data obtained daring the
screening tests.

Consider first the data obtained in the two preheated flowing air test
series. Although test equipment was essentially the same in both series there
is considerable disagreement between the oxidation behavior of the wedges, as
reported in Section II, and the cylinders tested during the screening program.
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From the 13 wedge shaped specimens tested in the temperature range from 2200F
to 2700F the oxidation behavior as defined by a least squares fit of the data
is

k - 57 x 10 4"2386/R•, mile/hr, at the nose

k = 123 x 104 . -29500/r., mils/hr/side, on the skirt

The corresponding equation based on a least squares fit of the 16 cylinder
tests at temperatures from 1950F to 290OF is

k - 9,222 •-12030/R, mils/hr/side

At low temperature the cylinder data indicate the highe:7 oxidation rates, while
at higher temperature the wedge data indicate the higher loss rates. Since the
wedge skirt recession data are essentially those for the entire specimen based
on weight calculations it is appropriate to compare this line with the cylinder
data. The intersection of the lines occurs at approximately 2700F, or a value
of inverse temperature.in Figure 105 of 5.7 10-q/k4

While the wedges were about seven times the weight of the cylinders, the
surface area-to-volume ratios of the two geometrically different specimens were
essentially the same; the ratio of nose surface areA__tqototal surface area was
about 50% higher. for the cylinders than for the wedges. The range of weight
changes as a result of oxidation were also quite comparable with a range of
approximately 20% to 50% loss for the wedges and 20% to 60% for the cylinders.
Another similarity between the sets of data is the simi1.3rity In the incremental
temperature rise which resulted from the exothermic reaction; these data are
shown in Figure 106 and will be discussed later.

The major difference in the two series of tests conducted in preheated
flowing air is the range of specimen temperatures inyegtjLgated, as indicated
previously. A layer of molybdenuM txirWde may have been present at the lower
temperatures but absent at the higher temperature since this oxide melts at
1470F and boils at 2335F at sea level pressure. The presence or absence of a
molten oxide layer might influence the reaction kinetics and thus affect the
surface recession rates. The cylinder test series contained 4 samples tested
at temperatures below the lowest temperature of the wedge test series. If a
change in reaction kinetics takes place at temperatures of approximately 220OF
the Arrhenius equation assumed for the cylinder data, with its constant value
of A, may be in error and the oxidation behavior could not be expressed by a
single expression. The above reasoning is speculative, and the difference
between the two sets of data cannot be resolved at this time. Additional test-
ing in required at closely spaced temperature intervals.
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Until the aforementioned differences are resolved, the use of the data
obtained on the wedges is recommended for use. This choice is based primarily
upon the fact that the data for temperatures of 3000+F in Arc Jet No. 20 agree
with or fall below the resulting extrapolation of the surface recession curves
from the tests of wedges. The Arc Jet No. 20 data which falls below the extra-
polated wedge data might be explained as follows: Among the data obtained from
the testing in Arc Jet No. 20, preference is given to those specimens which
experienced the highest weight losses. It will be recalled that during some
tests molten silica from the fused silica electrode spacing plate impinged on
test specimens. These deposits are obvious on the coated samples tested but
not on the uncoated materials. Nevertheless, the pressure of the molten silica
in the gas stream, or intermittently on the specimen surface, may have reduc.ed
the oxidation rate. Additional reasons for choosing the wedge data are that
the surface loss on the wedges was slightly more uniform, the wedges were
larger, thus permitting measurements that should have greater accuracy, and
both weight and dimensional measurements made for the wedges agreed quite well
with each other.

An interesting feature of the oxidation tests of the wedges is the higher
recession of the nose area as compared with the skirt. In the various facil-
ities the ratio of nose loss to skirt loss has the following ranges:

Flowing Air 2 to 2.7
Arc Jet No. 20 2.6 to 3.3
Plasmadyne Jet 3.2 to 3.5

In other words, in the Plasmadyne jet, for example, the oxidation rate on the
nose of the wedge specimen was from 3.2 to 3.5 times as great as the oxidation
rate on the nose of the wedge specimen was from 3.2 to 3.5 times as great as
the oxidation rate on the skirt. Data from Arc Jet No. 10 were incomplete
and could not be compared. While the data are sufficient to indicate a defi-
nite trend, no specific reason can be given to explain this behavior. Two
effects which might be influential are the thickening of the boundary layer
aft of the nose region, which would reduce the diffusion of oxygen through the
boundary layer and to the specimen surface, and the presence of combustion pro-
ducts, from the nose region, in the flow over the skirt, which would reduce
the percentage of oxygen available to the specimen surface. The difference
Li tho kaluios among the three faciiities is easier to explain. In the flowing
air facility the specimen is within a furnacu and the air passing over it is
also at the test zone temperature. There is no convective heating of the
specimen, in fact, since the temperature of the specimen rises above the test
zone temperature as a result of the exothermic reaction; a small amount of
convective cooling is more likely. In the arc jet tests heat was supplied
convectively from a hot boundary layer. Thus the heating rate on the nose
will be higher than that on the skirt and a slight temperature difference will
exist from front to rear despite the high thermal conductivity of the molyb-
denum alloy. The higher temperature in the nose region would, naturally,
increase the local oxidation rate. As operating pressure is reduced and as
flow velocity is increased the heating rate on the skirt becomes a smaller
percentage of the stagnation heat flux. Thus the higher relative temperature
which would result from the conditions in the Plasmadyne jet should cause a
relatively higher nose-to-skirt loss ratio, which it does.
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As indicated previously in Volume III there appeared to be no direct cor-
relation of oxidation rate with mass velocity but, rather, an indirect effect.
The (aidaLion reaction of molybdenum is exotnermic at the temperatures of
interest. The he~t generated results in iu increase of specimen temperature
which accelerates the reaction. As the flow of air over the specimen increases
the incremental temperature rise also increases; see Figure 106. Therefore,
the mass velocity of air does influence the oxidation rate. However, if the
specimen temperature is measured and used for analysis purposes, rather than
the test zone temperature, the effect of mass flow will not be apparent.
Although two different mass flows were employed during the testing in Arc Jet
No. 20, it was not possible to check for a mass flow effect. Since the temper-
ature of a non-reacting specimen under operating conditions was not determined
there was no base line from which to determine the incremental temperature rise
due to the exothermic reaction.

Within the scatter of the data and considering the limited number of test
points, no effect of gas velocity on oxidation behavior was observed. Calcu-
lated velocities in the various facilities were

Preheated flowing air 8 to 100 fps
Arc Jet No. 20 300 to 400 fps
Arc Jet No. 10 700 fps
Plasmadyne Jet 12,300 fps

Neither was it possible to detect effects of enthalpy cf dissociation.
Enthalpies range from about 700 BTU/lb in the flowing air facility to 6800
BTU/lb in the Plasmadyne arc tunnel. Both of the NASA jets are low enthalpy
units. The low gas temperatures of the flowing air facility precluded any
dissociation of the air. In the arc jets the primary constituents of the gas
stream were N2 and 0, with slight amounts of NO, N and 02. Because of the
carbon electrodes in Ax*-JetzNo. 20, C02 and 00 were undoubtedly present also.
More detailed investigations might reveal effects of velocityj enthalpy and
dissociation, but these factors.do not appear to be of major im.portace as
far as oxidation is concerned.

The only factor, other than surface temperature, found to have a signifi-
cant influence on the oxidation rate of the 0.5% Ti molybdenum alloy was pres-
sure. While only a limited number of tests were conducted at reduced pressures,
other data tend to confirm the trends of the present work. Figure 107 presents
the relation between oxidation rate and pressure as a plot of oxidation rate
ratio, k./k. 1 atm, versus pressure ratio, p/l atm. Because 7f the limited
amount of data obtained during this study the relationship is shown as a
straight line on the log-log scales of the figure. More testing would be
required to accurately define the relationship. The oxidation rate at one
atmosphere was determined from the Arrhenius equation, based on the flowing
air tests of the wedge specimens.

While the reduced pressure test results of this study were obtained at
temperatures between 300OF and 3500F, the resulting relationship should be
applicable from 160OF to 3500F, based on test results obtained at lower tem-
peratures by other investigators. These additional data are also shown in
Figure 107.
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The primary purpose of conducting oxidation resistance tests of the
uncoated 0.5% Ti motybdenri alloy was to obtain surface recession rates for
use in establishing component wall thicknesses for implementation of the fail
safe design concept. This concept requires that the wall of the leading edge
shall be thick enough to avoid burn-through during a single flight despite the
presence of an undetected defect or damage area in the protective coating.
Part of the testing conducted during this program was designed to check the
rate of oxidation at locations where damage was intentionally inflicted. These
data can be compared with the surface recession data obtained using uncoated
material.

Although the tests of the damaged specimens were conducted at two mass
velocities, no temperature rise due to the exothermic reaction of the molyb-
denum alloy was detected. The maximum depths of penetration, after four hours
of exposure, of all samples tested are

Test Nose Skirt

Temperature Penetration Rate Penetration Rate

200OF .19 inch 48 mlls/hr .16 inch 40 mils/hr

245CF .38 inch 95 mile/hr .22 inch 55 mils/hr

The recession rates, in mils/hour, for the uncoated material

Test
Temperature Nose Skirt

200OF 99 38

2450F 355 160

With the exception of the loss on the skirt at 2000F, the maximim depths of
penetration of the damaged specimens are only 1/3 to 1/2 the surface recession,
of the uncoated material. Hence, calculations of thickness loss based upon
data obtained from uncoated 0.5% Ti molybdenum alloy should be conservative.

B. UNCOATED GRAPHITE

The results of the tests of uncoated ATJ graphite in the various facilities
are presented in Figure 108. As was the case for the molybdenum alloy, the
data obtained from the arc plasma jet tests of the graphite indicates lower
surface recession rates than those predicted by the Arrhenius equations based
upon the results of the tests in flowing air. This is true both 0.n the skirt
and in the nose region.
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In reviswing available literature regarding the oxidation rate of carbon
and ographite . teris..., .. tivation energies are found t0 range from 20 to 30
K cal/mol above 1200C and up to 42 K cal/mol at approximately 800C. Gulbransen
and Andrew* reported an activation energy of 36,700 cal/mol for Grade AUF
graphite as a result of tests in pure oxygen at various pressures. These data
are in good agreement with the work reported here which indicated activation
energies of 30,466 cal/mol and 32,260 cal/mol based on nose and skirt data,
respectively.

From the tests conducted, a higher recession rate was observed in the nose
region. In the flowing air facility the ratio of nose to skirt recession ranged
from 3.5 to 4.6:1, while this ratio ranged from 4.3 to 6.3:1 in the NASA jets.
Because of the shock waves in the Plasmadyne tunnel the recession in the nose
region was not uniform, and ratios could not be obtained. Explanations for the
observations are the same as those pre3ented previously for the molybdenum alloy.

For the uncoated ATJ graphite no direct effect of mass velocity changes
was observed although there is an indirect effect. The oxidation reaction is
exothermic at the te:mperatures of interest. The heat generated results in an
increase of specimen temperature as presented in Figure 109. As the flow of
air over the specimen increases, the incremental temperature rise also
increases. Therefore, the mass velocity of air does influence the oxidation
rate. However, if the specimen temperature is measured and used for analysis
purposes, rather than the test zone temperature, the effect of mass flow will
not be apparent. Although two different mass velocities were employed during
the testing in Arc Jet No. 20, it was not possible to check for a mass flow
effect. Since the temperature of a non-reacting specimen under operating cona-
ditions was not determined, there was no base line from which to detenrine
the incremental temperature rise due to the exothermic reaction.

Within the scatter of the data and considering the limited number of test
points, no effect of gas velocity was observed, nor was it possible to detect
effects of enthalpy or dissociation. More detailed investigations might
reveal effects of these variables, but the effects do not appear to be of
major importance as far as oxidation is concerned.

Other than surface temperature, the only 'factor found to have a signifi-
.cant influence on the oxidation rate of ATJ graphite was pressure. While only
a very limited number of tests were conducted at reduced pressures, there does
appear to be a definite trend for the recession; rate to decrease as pressure
is reduced. This is prese"+- .. in Figure 107 which is a plot of
oxidation rate ratio, kp/kp = 1 ATM, versus pressure ratio, p/l ATM. Because
of the limited amount of data upon which this plot is based, a straight line,
on log-log paper, has been used to approximate the relationship. More testing
would be required to accurately define the relationship. The oxidation rate

* Gulbransen, E. A. and Andrew, K: "Reactions of Artificial Graphite"
Industrial and Engineering Chemistry, Volume 44, Page 1034, 1952.

WADN TR 59-744, Volume VII 171



at one atmosphere was determined from the Arrhenius equation for the skirt
region, based on the flowing air tests of the wedge specimens.

The primary purpose of conducting oxidation resistance tests of the
uncoated ATJ graphite was to obtain surface recession rates for use in estab-
lishing wall thicknesses for implementing the fail safe design concept. This

concept requires that the wall of the leading edge shell be thick enough to
avoid burn-through during a single flight, despite the presence of an unde-

tected defect or damaged area in the protective coating. Part of the testing
conducted during this program was designed to check the rate of oxidation at
locations where damage was intentionally inflicted. These data may be compared
with the surface recession data obtained using uncoated material.

No indications of temperature increases due to the exothermic reaction of
the damaged siliconized ATJ graphite were detected, despite the fact that the
intentionally damaged specimens were tested at two mass velocities. The maxi-
mum depths of penetration, after four hours of exposure, of all specimens are

Test Nose Skirt

Temperature Penetration Rate Penetration Rate

200OF .19 48 mils/hr .19 48 mils/hr

2450F .35 88 mils/hr .25 63 mils/hr

The recession rates, in mils/hour, for the uncoated graphite are

Test
Temperature Nose Skirt

200OF 970 168

2450F 1400 305

In all cases the maximum depth of penetration of the damaged specimens are
only a small fraction of the surface recession of the uncoated material. The
ratio of measured penetration at a damaged area to the depth predicted using
data from uncoated ATJ ranged from 1/20 to approximately 1/3. Hence, calcula-
tions of thickness loss based upon data obtained from uncoated ATJ graphite
should be conservative.
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C. COATED MOLYBDENM ALLOY

In reviewing the data obtained in the five different test facilities for
the W-2 and Durak MG coatings on the 0.5% Ti molybdenum alloy, the most domi-
nant trend observed is the large variation in the performance of specimens
protected by either coating. Because of the data and the limited number of
tests, it is not possible to draw any detailed comparisons among the testing
techniques employed. It would appear that the variability inherent in the
protective coatings or the influence of the particular specimen geometry over-
shadows all testing variables with the possible exception of specimen tempera-
ture and exposure time. Such factors as gas temperature, gas composition,
enthalpy, pressure, and mass velocity do not appear to have any major effect
upon coating performance. As the coatings are improved to a higher level of
reliability the effects of such factors may be found; however, the high degree
of variability in the oxidation resistance of the specimens protected by the
Durak MG and W-2 coatings precluded the observation of these effects during
the present program.

From the information obtained it would appear that the best testing
facility for the evaluation of oxidation resistance of protective coatings
is one that

a. is inexpensive to assemble and operate,
b. can operate continuously for long periods of time with flowing gas,
c. can produce various specimen temperatures under oxidizing conditions,
d. can maintain reasonably constant operating conditions.

As protective coatings are improved to a higher degree of reliability, addi-
tional variables other than specimen temperature and exposure time should be
introduced, -and facilities can become more sophisticated.

Within the reservations imposed by the scatter of data it is possible to
compare the relative performance of the W-2 and Durak MG coatings. Before
making such a comparison, however, it must be remembered that these coatings
were not designed for the specific application under consideration. Rather,
they represent the two most promising protective coatings for molybdenum that
were available during the present program. This promise was established on
the basis of the screening tests of several coating systems as reported in
Volume III. In fact, the W-2 and Durak MG coatings were, and still are, the
most promising of approximately 30 coating systems evaluated at Bell Aircraft
Corporation during the leading edge study and other programs.

Of the 25 W-2 coated specimens tested under various conditions, failures
were detected on 14; of these three may have been influenced by the steel tongs
used initially to insert and remove the test specimens. For the Durak MG
specimens, failures were detected on 19 of the 25 tested. The following table
compares the two coatings under the various test conditions.
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Flowing Air Ox -Acet lene Arc Plasma Jets

Average 2000F 2L4'OF G•FJ 3vvv fiO• 2 d

W-2

Fail-ae Rate 14/35 0/3* 2/6 5/6 5/5 0/1 1/2 1/2

Percentage
of Failures 56% 0% 34% 83% 100% 0% 50% 50%

Durak MW

Failure Rate 1O/?5 3/3 4/6 5/5 5/5 0/1 2/3 0/2

Percentage
of Failures 76% 100% 67% 100% 100% 0% 67% . 0%

* Number of specimens that failed/total number of specimens tested.

Tests in the flowing air and oxy-acetylene facilities were to have been con-
ducted for four hours; any specimen which did not remain completely protected
for that duration was considered a failure. For the arc plasma Jets the test
times were: 70 seconds for No. 10, 300 and 600 seconds for No. 20, and 300
seconds for the Plasmadyne Jet.

From this rather gross comparison it appears that the W-2 coating is
slightly superior to the Durak MG coating. This is further substantiated by
comparing the appearance of the specimens tested, and the life curves pre-
sented in Figure 110. Examination of the photographs of the specimens after
the flowing air and oxy-acetylene tests indicate the multiplicity of failures
on the Durak MG coated samples. The photographs of the specimens after the
testing is enlightening in another respect. Of the 33 specimens which failed
from the total of 50 coated molybdenum alloy samples tested, 25 had failures
occurring at edges and corners while only 12 had failures on the flat surface
or nose areas. Of the 12 which had failures at locations other than edges or
corners, in four cases this damage may have been due to reactions introduced
by the initial use of steel tongs for insertion and removal of test specimens.
Considring the total test results 33/50 or 66% of all specimens failed. If
the edge protection had been adequate the percentage of failure may have been
as low as 24%. The life curves indicate a longer average life for the W-2
coating at all test temperatures. The calculation of average life at any tem-
perature is quite approximate since all test points were averaged. When a
specimen had not failed even after four hours of exposure its life, for calcu-lation purposes, was assumed to be one additional hour- that is, a total 6f.

five hours. Minimum lives for the two coatings, as indicated in previous sec-
tions, are essentially the same except at temperatures below 2450F. At the
lower temperatures the W-2 appears to have the longer life.
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D. SILICONIZED ATJ GRAPHITE

As in the case of the coated molybdenum alloy, the siliconized A£TJ
graphite specimens were tested in five different facilities. The dominant
trend was also the same; the variability in the oxidation resistance afforded
the specimens by the siliconizing process overshadowed all testing variables
including temperature.

Of the 37 specimens tested under various conditions failures were detected
on 20. In the long time tests employing the relatively low temperature gases,
flowing air and oxy-acetylene facilities, 19 of the 20 samples failed in less
than the four hour time duration set as a maximum. Performance in the three
different arc plasma facilities was much better with only one specimen failing
of the 8 tested. This superior performance in the arc plasma environments is
attributed to the short time exposure, from approximately 70 to 600 seconds,
rather than to differences in testing conditions or environments. The follow-
ing tabulation illustrates the variability in performance and lack of correla-
tion with test conditions.

Flowing Air bXy-Acetjlene Arc Plasma Jet

Average 2O00 2450F 2750F 300OF #1O #20 Plasmadyne

Failure Rate 20/37* 7/8 3/8 4/7 5/6 0/1 1/5 0/2

Percentage
of Failures 54% 88% 38% 57% 83% 0 20% 0

* Number of specimens that failed/total number of specimens tested.

I.

It is interesting to note that the percentage of failures at 200OF and 3000F
are approximately the same. Despite the better performance at the intermediate
temperatures the only conclusion that can be drawn logically is that coating
variability obscures all testing parameters with the exception of exposure
time. It is p6ssible that optimunm performance is obtained near 2450F; however,
the high degree of variability in the data precludes any such conclusion.

Despite the high degree of scatter in the measured oxidation resistance
afforded by the siliconized coating applied to the ATJ graphite specimens, an
average life can be calculated at each test temperature. The calculation of
average life is quite approximate since all tests conducted in the flowing air
and oxy-acetylene facilities were included. When a specimen had not failed
even after L hours of exposure its life, for calculation purposes, was assumed
to be an additional hour; that is, a total of 5 hours. Furthermore, the speci-
mens were examined after one hour exposure cycles. If a specimen failed
between three and four hours the failure was assumed to have occurred just
prior to removal from the furnace, and the life of the specimen would be
recorded as four hours. The average performance of the siliconized ATJ graphite
is plotted in Figure 110; minimum life is also shown.
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Ecamination of the photographs of the siliconized ATJ graphite after test-
4ne indicates multiple failure locations on most specimens that failed. The
mzjority of failures are on the flat surfaces of the specimen skirts. Compared
with the coated molybdenum alloy saumples, there were few edge, or corzer fail-

,wree. In many cases the oxidation failures are associated with the unusual
markings on the siiliconized specimens. Studies of the mechanical properties
cf the siliconized ATJ material indicated that these markings were associated
uwith micro-cracks. In the siliconizing proceduure there is a treatment intended
to ieal such cracks but it would appear that this is not always completely ade-
quate. It should be noted, however, that within the exposure times of the
-tests no failures were detected at many of the marked areas. Also, there were
wome failures at locations where there were no markings. It is impossible to
decide, therefore, whether or not the markings on the specimens have any
Ainfluence on the oxidation protection afforded by the siliconizing process.
Turing the mechanical property testing reported in Volume VI, large variations
in coating thickness were observed on a specific piece and from one piece to
*nother. It is possible that the variation in thickness may be more signifi-
Scant than the markings.

Exami.nation of the specimens after testing indicated a relatively large
xiumber of specimens had experienced failures on only one skirt. Of the 19
samples which failed during flowing air and oxy-acetylene testing 11 experienced
single or multiple failures on one skirt only, 3 failed on both skirts, 1 failed
4nly at the leading edge, 1 failed only at corners and edges, 2 had failures
-n one skirt and at the leading edge and 1 had failures on both sides as well
as at the leading edge. This relatively high occurrence of failures on only
eane surface could possibly be an indication of the effect of the specimen's
-rientation in the siliconizing furnace. Unfortunately, no records are avail-
Able to permit this speculation to be checked.

In the previous sections of this report the results of the oxidation tests
eon siliconized ATJ graphite specimens are discussed with respect to weight
]pick-up and graphite X-ray quality. The tests in preheated flowing air at
200OF and 245OF indicated a slight improvcment in performance for the Grade AB
samples as compared to the Grade C, but indicated no apparent correlation with
-weight gain during the coating process. The tests conducted in the oxy-acetylene
Jacility showed no correlation with X-ray grade, due to the fact that only two
Grade C samples were tested, and only the slightest indication of a trend with
-weight pick-up was demonstrated. A more comprehensive correlation might be
expected if all samples tested were considered, except those exposed in the
-arc jets, since the exposure time was very short. All samples were processed
oduring the same coating run so that processing is not a variable.

A total of 29 samples were tested in the two facilities and failures were
ietected on 19 of them. Of the 29 there were 20 Grade AB and 9 Grade C samples.

"!Ihe failure rates were 11 out of 20 and 8 out of 9 for Grades AB and C, respec-
-tively, or percentages of 55% and 89%. Even within the relatively large
scatter in the data there appears to be a definitely higher performance from
-the Grade AB specimens. With regard to weight pick-up values ranged from 1.h5
,ramzs to 4.69 grams for the 29 samples tested. For the 10 samples which did

onot fail, the weight pickups ranged from 1.56 grams to 4.69 grams while for
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the 19 specimens which failed the range was 1.h5 grams to 3.02 grams. The
average weight pick-up for the 10 specimens which did not fail. is 2.32 grams
and for the 19 which did fail it is 1.87 Prams. The weight. pick-up data dust
discussed is influenced quite strongly by one Grade C sample which had an
unusually high weight pick-up of 4.69 grams. If this specimen is disregarded
the picture is quite different. The range of weight pick-up for samples which
did not fail becomes 1.56 grams to 2.53 grams, while for those that failed
the range is still 1.45 grams to 3.02 grams. Thus, all specimens which did
not fail are within the weight pick-up range of those which did fail. The
average pick-ups also become much closer, 2.06 grams for those which did not
fail and 1.87 grams for those which did fail. If only the Grade AB specimens
are considered, the range of weight pick-up is l.45 grams to 2.61 grams for
the 20 specimens tested; 1.56 grams to 2.53 gramsfor those that did not fail;
and 1.45 grams to 2.61 grams for those that experienced failure. The average
weight pick-ups for the Grade AB specimens were 1.92 grams for those that
failed and 2.06 grams for those that did not fail. In view of the scatter in
the data the only conclusion that can be drawn with regard to weight pick-up
is that this parameter does not correlate with oxidation resistance for the
particular type of graphite investigated during this program.
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VI. CONCLUSIONS AND REOCIM DTIONS

In the preceding sections of this report the oxidation resistance of
uncoated and coated materials are discussed. The coatings employed to protect
the 0.5% Ti molybdenum alloy and the ATJ graphite are among the most promising
presently available. Conclusions based upon this work, therefore, represent
the current state-of-the-art with regard to protective coating systems on these
two materials. Since coating development is more advanced for molybdenum alloys
than for other refractory metals the conclusions, in a broad sense, may be
applicable to other coating-substrate combinations as well.

The most significant conclusions derived from the study reported herein
are:

1. Not even the most promising of the presently available coating systems
possess the high reliability required for use on critical components,
such as leading edges, of manned, reusable hypersonic gliders.

2. Because of the limitations of presently available coating systems, a
fail safe design concept, with regard to oxidation, should be incor-
porated in the design of critical refractory components that are not
oxidation resistant. In this way components of high reliability can
be produced.

These major conclusions naturally point to the need for more expenditure of
effort on protective coating systems. The detailed conclusions which follow
are more specific in nature and attempt to indicate significant findings having
more immediate application.

1. The dominant factors affecting the behavior of the uncoated O.5% Ti
molybdenum alloy and ATJ graphite materials in a flowing, oxidizing
environment, are surface temperature and pressure.

2. Gas stream parameters such as temperature, velocity, enthalpy, and
degree of dissociation do not appear to be of major importance in the
oxidation behavior of the two uncoated materials tested, at least at
the level of refinement now possible in this type of testing.

3. The uniformity of oxidation and retention of shape of the two uncoated
materials tested suggests their possible utilization, without protec-
tive coatings, for expendable components, particularly for short time
applications.

4. Both the uncoated 0.5% Ti molybdenum alloy and the uncoated ATJ
graphite react exothermically with oxygen. These reactions generate
heat which increases the specimen temperature.

5. The surface recession at a point of small local coating damage is
less than predicted on the basis of surface recession data for uncoated
materials. The amount of heat generated at the damage areas on the
specimen did not produce a detectable temperature rise.
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6. Of the two protective coatings evaluated on the molybdenum alloy,
Chromalloy W-2 and Chromizing Durak MG, the former appeared to
_-ar superilur protection.

7. A major problem in the protection of the molybdenum alloy by the two
coatings is the adequate protection of edges and corners.

8. The oxidation protection afforded to the ATJ graphite by the sili-
conized coating appears to depend upon the quality of the graphite
structure as defined by X-ray inspection.

9. Weight gain during the siliconizing process did not correlate with
the oxidation protection of the ATJ graphite by the coating.

10. Presently avw._lable inspection techniques are inadequate for deter-
mining the acceptability of coated refractory materials investigated.

11. Until the reliability of available coating systems increases, simple
test facilities whicn provide oxidizing flowing gas streams and
reasonably constant test conditions, and are capable of long time
operation at various temperature levels, would be adequate for the
determination of protective coating performance.

Based on the work conducted, and the foregoing conclusions, the following
recommendations are made:

1. Additional testing of uncoated and intentionally damaged coated
specimens should be conducted to verify and/or modify the data pre-
sented herein. Such information would have a pronounced effect upon
the weight of components designed with a fail safe concept. Effects
on temperature and pressure should be investigated.

2. Detailed analytical and experimental studies of the protection problem
at edges and corners should be conducted. A significant improvement
in component reliability can be obtained if edge and corner protection
were as good as protection afforded on flat surfaces or large curves.

3. Attempts should be made to improve the reliability of presently avail-
able coatings by conducting tests to investigate the effects of
process and material variables.

4. Additional testing is required to investigate the possible effects of
gas stream parameters, temperature, velocity, enthalpy, and degree of
dissociation on the oxidation resistance of coated and uncoated
refractory materials.

5. Inspection techniques should be developed which permit the determina-
tion of the protective quality of coatings applied to refractory com-
ponents. Without adequate inspection methods, refractory components
requiring protective coatings will not find effective service use.
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6. As an aid in establishing the significance of oxidizing environments,
correlations among data obtained from hvpersonlc flight tests and
laboratory data should be made.

7. As the reliability of coated components is improved, either as a
result of process refinements or better edge design, testing should
be conducted to investigate oxidation resistance of such systems under
known stress levels, and the cuummulative degradation of the protective
coatings under variable test conditions should be investigated.

In addition to these specific recommendations, efforts to develop new coating
systems are desirable from the long range point of view. A continuing effort
to evaluate new protective systems under similar test conditions is strongly
recommended.
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APPENDIX I

DESCP-VTION OF MATERIALS TESTED

The test specimens employed during the evaluations of the oxidation resis-
tance of bare and protected graphite and molybdenum alloy are described in this
appendix. A discussion of the protective coatings and the substrate materials
is included. The fabrication procedures employed were similar to those which
would be used for the production of actual leading edge components.

The same configuration wes used for both the graphite and molybdenum alloy;
this is shown in Figure 111. This configuration simulates the leading edge
shape while re-ognizing the limitations of available test equipment and cost.
The fabrication of these shapes did not require any special techniques other
than those common to the fabrication of the specific materials. The molybdenum
alloy specimens were fabricated by Custom Tool and Manufacturing Company of
Minneapolis, Minnesota and the graphite specimens by the National Carbon Company
at Cleveland, Ohio.

Twu protective coatings were evaluated on the 0.5% titanium molybdenum
alloy substrate plus the bare or unproti'ct-d s*1_o.y. The molyt'-,en," a'.Icy used
for this investigation was recrystallized for 35 minutes at 2900F. An estimated
grain size of approximately ASTM-2 and complete recrystallization were obtained
from this treatment. The material used to fabricate these specimens was sup-
plied by the General Electric Company, Cleveland, Ohio, and Climax Molybdenum
Company, Coldwater, Michigan. The chemistry of the G.E. material was not sup-
plied in detail, however, this material nominally contains 0.5% titanium and
.010% minimum to .030% maximum carbon. The Climax material had the following
range of alloying elements: carbon .018 to .027%, titanium .4O to .54%. The
details of impurities were not furnished by the suppliers. A maximum total
content of trace elements was .06% of which oxygen, nitrogen and hydrogen con-
stituted .005% maximum.

The two coatings examined were the W-2 coating applied by the Chromalloy
Corporation of White Plains, New York, and the Durak MG coating applied by
Chromizing Company of Los Angeles, California. The processes for the two coat-
ings are similar in that they both are pack deposition techniques. The uncoated
parts are embedded in powdered compound containing elements to be deposited in
a special retort. The retort is hermetically sealed, placed in the furnace
and heated to approximately 200OF for a period of time. When heated the pow-
dered compound generates a gas which is diffused into the parts resulting in a
thin alloyed coating. The finish of the coated surface is approximately as
smooth as the original base material.

Prior to processing, there was a visual inspection of the parts for edge
defects, laminations, and sharp corners. After the initial inspection all
parts were lightly etched in nitric acid in both processes; the W-2 processing
differed in that the parts were also liquid honed. It had been the experience
of the coating suppliers that some defects did not become apparent until after
cleaning. After the cleaning procedure the specimens were again examined and
found free of defects.
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The full coating thickness, .002 inch, of the Durak coating is normally
applied during a single operation. After coating, however, edge damage was
noticed on several samples and the entire quantity were reprocessed. The
initial coating was not removed. The W.2 process employed a double processing
cycle to apply the desired coating thickness, .004 inch nominal. In the W-2
processing the parts were unpacked, cleaned and repacked in fresh compound for
the second cycle.

After coating the specimens were al pre-oxidized in still air at 2000F
to determine continuity of the coating. The exposure time for the Durak speci-
mens was ten minutes while that for the W-2 specimens was one hour. All
samples satisfactorily completed this inspection.

The samples coated with Durak MG were processed during December 1955.
The specimens coated with the W-2 coating were processed during September 1959
and January 1960. A more detailed presentation of the substrate material and
coating processes is given in Appendix I, Volume V. In this appendix is a
table of processing dates, run numbers, quantities and remarks for each type
of specimen coated with the W-2 coating.

The graphite evaluated was the National Carbon Company's Grade ATJ graphite.
This is an extremely fine-grain premium quality molded graphite which is pro-
duced in blocks 9" x 20" x 24". This material has a maximum grain size of .006
inch and has an average ash content of approximately 0.20 percent. The stock
used for the oxidation resistance evaluation specimens was taken from randomly
selected material. The quality of the raw material was determined by X-ray
inspection of the blocks and bulk density determinations. The majority of the
specimens used were of the A or B quality material for both the coated and
uncoated specimens. The significance of the quality grouping is discussed in
Appendix IV of Volume VI. Group A denotes relatively uniform material,
Group B is less uniform, etc.

The coating applied is essentially a diffusional deposit of silicon car-
bide-silicon nitride formed by the reactiori of silicon containing compounds
with the graphite surface. This siliconized coating was applied by the
National Carbon Company by a proprietary procedure which cannot be disclosed.
During the siliconizing the specimens are supported in the furnace on knife
edges so that a maximum of the graphite surface was exposed to the silicon com-
pounds. Experience gained during the coating of the screening test specimens
showed that the spacing of the knife-edge supports should be relatively large.
The quality of the coating was checked by weight measurements which were con-
verted to weight gain per unit area. This weight gain was then compared with
the standards established on the basis of previous experience. In addition to
the quality control procedures followed by National Carbon Company for the
normal production of the ATJ graphite and siliconized coating on X-ray inspec-
tion procedure, as outlined in Appendix IV of Volume VI, was conducted for
further control. The ATJ graphite specimens were X-rayed after machining and
after the coating was applied. After machining the specimens were graded as
to uniformity at the internal structure of the graphite with Grade MAN denoting
specimens of nearly perfect ATJ structure through Grade t"C which denotes the
specimens with a mottled nonuniform structure. Since Grade "C" specimens had
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indicated higher coating weight pickup the possibility existed that such speci-
mens might possess superior axidation resistance. Therefore, Romp (nrev. "r"
oxidation specimens were accepted so that comparative evaluations could be
.,rads. The., in~p~ct'nn- rt-1,• n÷s•_ ..... •. -P. L-tL d iiiaoai-.ed AkJ graphite
shapes were that all specimens were free of gross flaws or defects as deter-
mined by X-ray inspection. This inspection coupled with normal process con-
trol, was expected to result in a flaw-free product of the desired properties.
More complete details of the processing are provided in Appendices III and IV
of Volume VI. Weights of the specimens before and after coating as well as
coating run numbers are presented in Table 25.
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